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Semi-arid savannas are dynamic and complex systems controlled by fire, nutrient and water 
availability where water is the major driving force controlling the biological activity in these 
systems. Knowledge of hydrological processes is therefore, crucial for the prediction of 
ecosystem changes, given the prospect of climate change and the ever-increasing anthropogenic 
pressure on resources. There have been numerous advances in hydrological studies especially at 
the hillslope scale. Many of them have however, been site-specific and mostly comprising of a 
series of point measurements, thereby making it difficult to link processes at different scales in 
other sites. Some form of classification system would therefore, enable process integration, 
which is crucial in understanding and linking processes at various scales. For effective 
management and water resource planning, knowledge of how a system functions is crucial 
especially in savannas. It also helps in better prediction of behavior in ungauged systems that are 
in similar settings since many people rely on savannas for various ecosystem goods and services, 
the sustainability of livelihoods and biodiversity.  
 
Meanwhile, ephemeral systems contribute significantly to how savanna systems work. However, 
hydrological processes operate at different scales even in these ephemeral systems involving 
controls such as landscape morphology, geology and climatic conditions in different 
environments. The effect of scale on hydrological processes is one unresolved issue in 
hydrological studies and knowledge of how processes vary at different scales is fundamental in 
understanding scale-dependent processes and those that are not. This also helps in understanding 
the thresholds and controls at which the processes operate. Hydrological processes were 







ephemeral streams in the Kruger National Park (KNP) landscapes on basalt and granite parent 
materials. Processes include subsurface lateral and vertical flow, overland flow and potential 
recharge to groundwater. These were focused on the KNP supersites, which are sites that were 
especially selected for multidisciplinary research. This would allow the description and 
measurement of processes and patterns at different scales, rainfall gradients and geological 




Hillslope hydrological processes are dynamic and very complex but they are nonetheless vital, 
due to their interactions with surface and groundwater. Hillslope mechanisms of flow and 
subsurface moisture content are highly variable at both spatial and temporal scales. In order to 
gain insights into this variability, a number of techniques were used, such as measurement of soil 
water potential at different depths, geophysical surveys and numerical modelling. From the 
hydrometry data and modelling exercise, fluxes and water balances were derived in order to 
derive the hillslope response functions and potential connectivity with the underlying aquifers 
and/or adjacent streams. Since soils and hydrology have an interactive relationship, hillslope soil 
type responses were characterized through qualitative hydropedological descriptions.  
 
Results showed that hillslope hydrological responses, such as flow mechanisms and connectivity 
are dependent on scale (incremental stream orders). Hydrological connectivity was highly driven 




). The major 
driver of hillslope storage was shown to be ET demand rather than soil depth, in these savanna 
ecosystems. The initial perception was that deeper soils will have greater storage capacity, but 
results obtained in this study proved otherwise. This also proved the ability of savanna 
vegetation to extract large amounts of soil water when available in the soil profile. This study 
showed that flow mechanisms were mainly influenced by topography and soil hydraulic 
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Semi-arid savannas are highly dynamic and complex systems that exhibit heterogeneity, at 
various spatial scales (Jacobs et al., 2007). Savanna ecosystems are controlled by water and 
nutrient availability, fire and herbivory. According to, Walker et al. (1981), biological activity 
and productivity is controlled by water availability, which is the major driving force in these 
ecosystems. Scarcity and variable distribution of water and nutrients make these ecosystems 
highly sensitive to change. An understanding of the hydrological processes in such a system is 
crucial for the prediction of changes in the ecosystem and protection of the resource, given the 
worldwide water shortages mainly associated with climate change and the ever-increasing 
population growth (Moleele and Mainah, 2003; Wenninger et al., 2004). The management of 
surface and groundwater resources, especially in the highly variable water regimes characteristic 
of semi-arid areas, requires the description and quantification of the hydrological processes for 
informed decisions (Uhlenbrook et al., 2005; Lorentz et al., 2006). This involves identifying and 
quantifying pathways, hydrological connectivity, the configuration of moisture residence time, 
the distribution of saturation patterns, quantification of flow mechanisms and thresholds of flow 
generation as functions that contribute to drainage in an ephemeral catchment (Haga et al., 2005; 
Lorentz et al., 2006; Wenninger et al., 2008). The importance of studying hydrological processes 
in ephemeral systems at different scales allows for an assessment of scale-dependent processes 
and how they differ in the landscapes. It can also be used for a classification system that can be 
used to link data between sites. Knowledge of how ephemeral systems work is crucial in 
understanding the concomitant impacts and influence of climate, scale and geology on their 
hydrological response. This helps in policy-making, water resource allocation, management 
plans, ecosystem sustainability and prediction of responses in ungauged systems in other savanna 
settings.  
 
There have been remarkable advances in the understanding of hillslope processes over the past 
decades through various methods and characterization techniques, such as geophysical surveys 
(to explore subsurface properties), hydrometric observations, isotopes (residence times of water, 
flow paths), sprinkling experiments, soil physics and hydrological modelling (Anderson and 
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Burt, 1990; Hubbard et al., 1998; Uhlenbrook et al., 2002; Uchida et al., 2006; Troch et al., 
2009). Many of the findings have contributed towards the physical understanding and 
conceptualization of hydrological processes at different scales (Montgomery et al., 1997; 
McGlynn et al., 2002). Many processes have been explored, such as the generation of overland 
flow, macropore flow (Mosley, 1982), rainfall-runoff relationships and subsurface flow (van Tol 
et al., 2011; Orchard et al., 2013). Since hydrological processes vary at different scales, the 
estimation of how water from the hillslopes enters the stream or the groundwater store at any 
given site becomes problematic (Wenninger et al., 2004). However, the determination of these 
flow pathways is fundamental for the determination of connectivity between catena elements and 
how this connectivity varies at different spatial and temporal scales. Some studies have revealed 
how characteristics, such as morphology and size of the hillslopes, affects flow paths, storage of 
water and residence times on hillslopes (Anderson and Burt, 1978; Spence, 2007; Tetzlaff et al., 
2007a; Jencso et al., 2009). In small catchments, storage of water and the subsequent release 
during dry periods is important for ecological sustainability and ecosystem functions (Hughes, 
2008). Early studies focused on ways in which rainfall (event water) moves into channels rapidly 
and how this affects storage e.g. Mosley (1979) and Butte (1994). With the use of isotope 
tracers, pre-event water stored in catchments was shown to contribute considerably to the storm 
flow into channels (Wenninger, 2008).  
 
Whilst there has been tremendous interest in hillslope hydrology globally, knowledge of these 
processes, the interactive role of soils and how they vary in contributing areas associated with 
ephemeral streams has been revealed as a gap in our understanding of hillslope processes in 
water-limited ecosystems in southern Africa (Lorentz et al., 2010). A form of classification is 
needed in order to link processes at different scales from various sites. Given this background, 
knowledge of aquatic and terrestrial systems, linkages between them and how they vary with 
incremental scale is now critical, bearing in mind the rate at which southern African savannas are 
being transformed, to cope with economic growth and for sustainable development (Pollard et 
al., 2003; Moleele and Mainah, 2003; Venter et al., 2008).  
 
The study presented here was carried out in Kruger National Park (KNP), a protected area 
located within a savanna biome, which experiences seasonal, but irregular, short-lived storms 
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(Venter et al., 2003). Many hydrological studies have been carried out in KNP, with most 
researchers focusing on large-scale perennial rivers (600 km long), largely ignoring the seasonal 
ephemeral streams (30 000 km long) that make up the major part of its drainage network 
(O’Keeffe and Rogers, 2003). This study focused on hydrological processes in ephemeral 
catchments in KNP, to bridge this knowledge gap since ephemeral systems contribute 
remarkably to the hydrology of savannas. 
 
The aim of this study, therefore, was to define, characterize and quantify the differences between 
dominant hillslope hydrological processes (overland flow, subsurface flow and bedrock flow) in 






 order streams and between different parent materials. 
Hydrological processes were monitored on catena (a series of soils and vegetation linked by their 
topographic relationship) elements of these contributing areas. The main key question was: 
 







 order streams and on a hillslope of the same order across different parent 
 materials (basalt and granite)?  
 
Objectives of the study were: 
 
 To observe and characterize mechanisms of flow in the (subsurface) and along hillslopes; 
 To determine hydrological soil types and classify hillslopes according to hydropedology 
  principles; and, 





2. LITERATURE REVIEW 
 
 
This chapter reviews studies that have been conducted on hillslope hydrology, including the 
characterization, classification and numerical modelling of hydrological process dynamics in 
hillslopes. The review also includes the interactive role between soils and hydrology 
(hydropedology), the different methods and techniques that have been used in various studies to 
comprehend major findings, as well as the achievements and gaps in the understanding of 
hydrological processes at the hillslope scale, particularly in savanna settings. 
 
2.1 The Savanna Ecosystem 
 
Savannas cover approximately 20% of the earth's surface and Africa possesses the largest of such 
areas (Werner et al., 1991). A savanna ecosystem is characterized by sufficiently small trees and 
grasses that co-exist and interact, resulting in both components having a strong effect on 
processes, such as hydrology and nutrient cycling (Scholes and Walker, 1993). Decades of 
research in savannas  e.g. in Australia, South America and the Serengeti Plain of Tanzania, have 
shown fire, herbivory, water and nutrient availability as drivers of ecosystem change. Water 
availability is the major driver controlling biological activity and ecological processes in these 
ecosystems (Maranga, 1986). Periodic rainfall events often occur as short-lived rainstorms that 
are irregular, with the majority of rainfall being confined to a single season. These environments 
are therefore, highly sensitive to change, due to the variable distribution of water and nutrients 
(Newman et al., 2006). An understanding of the hydrological processes in such a system is 
therefore, crucial for the prediction of changes in the ecosystem, given the general water 
shortages as a result of climate change and the ever-increasing population (Lorentz et al., 2010). 
 
2.2 Hydrological Processes at the Hillslope Scale 
 
Lane et al. (1998) define a hillslope as a land surface from a ridge crest along the direction of 
water or mass flow to a defined drainage or water body, such as a stream or river. According to 
Cullum and Rogers (2011), the hillslope can be used for the determination of hydrological 
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responses resulting from varying soil assemblages, with respect to slope and position (catena 
effect), topography and vegetation. The hillslope is an ideal scale to use in determination of 
environmental forces on hydrological responses, dominant processes during low and peak flows 
and connectivity between catena elements (Tromp-van Meerveld and McDonnell, 2006). 
 
Past research has shown hillslope shape and size, material type and distribution, geological 
features, vegetation type and density, hydraulic conductivity, macro-pores, soil depth and water 
retention characteristics, as factors controlling hydrological processes, responses and their 
distribution at the hillslope scale, both spatially and temporally (Bogaart and Troch, 2006; 
Western et al., 2004; van Tol et al., 2010). Topography is also an important factor for soil water 
pathway distribution and its monitoring in the subsurface has proved to be very crucial for the 
spatial and temporal variability of water table responses, lateral flow dynamics and run-off from 
the hillslopes (Freer et al., 2002; Lin et al., 2006; Tromp-van Meerveld and McDonnell, 2006). 
Morphology (e.g. geology and terrain) also influences the manner in which hillslopes respond, 
because it dictates the soil properties and the slope of a landscape (Woods, 1996; Sivapalan, 
2003). Both the vertical and horizontal heterogeneity of soil types, soil properties and the 
redistribution of water along the hillslope are very important for the partitioning of water into 
surface and subsurface flow, which will, in turn, influence the vegetation distribution on the 
landscapes, depending on the quantity of nutrients and water available (Ridolfi et al., 2003).  
 
Many studies have been conducted on flow mechanisms and hydrological responses of hillslopes 
in different settings. Responses differ, due to a number of factors as discussed in the previous 
paragraph. According to Anderson and Burt (1990) the redistribution of water on hillslopes is 
due to the presence of saturation zones in the subsurface. Whilst Western et al. (1999) argues 
that vegetation type and spatial patterns are responsible for the redistribution and also that 
climatic characteristics may influence other mechanisms that initiate spatial and temporal 
dynamics. In a study by Graham et al. (2010) flow mechanisms and hydrological responses were 
shown to be controlled by parameters, such as bedrock permeability and bedrock topography 
which are difficult to measure because of the scale they operate at. This brings us back to the 
issue of scale which remains challenging in hydrology. Real advances in hydrological studies can 
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only be made once the scale issue is resolved (Bloschl, 2001). This will also make it easier for 
predicting behavior in ungauged systems. 
 
Hillslope hydrological processes have, therefore, been well-documented and researched, with 
most researchers focusing on runoff processes and rainfall partitioning on both surface and 
subsurface of natural and artificial slopes (Martinez-Mena, 2001; Nicolau, 2002; Weiler and 
McDonnell, 2004). However, hillslope hydrology is an intricate suite of processes interacting 
and operating differently at varying scales because of heterogeneity at the different scales within 
the unsaturated zone (area between the soil surface and the phreatic zone) and the surface biotic 
state (Ridolfi et al., 2003; Avanzi et al., 2004). These include the spatial heterogeneity of soil 
properties and variability of the climate (Márquez et al., 2005). The study of hillslope hydrology 
therefore, remains challenging because of the number of processes interacting at different scales, 
resulting in a complex system to understand (Ridolfi et al., 2003). 
 
2.3 Hillslope Flow Paths  
 
Studying flow paths and flow mechanisms on a hillslope is crucial for an understanding of water 
storage during wet seasons and its subsequent release during dry periods for ecosystem 
sustainability, predominantly in the small catchments and water-limited environments (Lin et al., 
2006). The major flow paths on a hillslope (Figure 2.1), comprises overland flow, subsurface 
saturated or unsaturated flow and bedrock flow (Ticehurst et al., 2007). The various pathways 
are determined by the soil’s physical and chemical characteristics, parent material and a network 
of macropores (Mosley, 1982; van Tol et al., 2012). According to Lin et al. (2006), the rate of 
flow of these hydrological processes varies with lithological differences, hence the comparison 
of processes between two parent materials in this study. The main hillslope flow paths will be 





Figure 2.1 Dominant hillslope processes and flow paths (Anderson and Burt, 1990) 
 
2.3.1 Overland flow 
 
Overland flow occurs on hillslopes, either as saturation excess flow or infiltration excess flow 
(Hortonian). Hortonian overland flow occurs when the rainfall intensity exceeds the infiltration 
capacity and final infiltration rate of the soil. Saturation excess occurs when the soil and all 
depressions are saturated and the excess water will flow as surface runoff. On some hillslopes, 
the crest generates overland flow with significant erosive energy, compared to the midslope and 
footslope, but this is mainly governed by topography and hillslope morphology (Marsh and 
Kaufman, 2012). Return flow is also overland flow that can be experienced on some hillslopes 
depending on the slope of the area, soil properties and the soil water in the subsurface. It is 
lateral subsurface water that emerges on the surface as overland flow at the toe slopes. Return 
flow is crucial during low flow periods in arid and semi-arid environments during the dry 




According to Bergkamp (1998) and Cammeraat (2002) the generation of overland flow in an 
area is a process that is spatially and temporally variable and is not uniform. Many studies have 
demonstrated that runoff generation is influenced by the hillslope characteristics of topography, 
antecedent soil moisture, depth to the water table, the hydraulic properties of the soil and land 
cover (Grayson and Bloschl, 2000; McGlynn et al, 2002; Hernandez et al., 2007; Stieglitz et al., 
2003; Lin et al., 2006). Numerous studies have been conducted to investigate overland flow 
generation, but not much has been documented on hillslopes in water-limited ecosystems. 
Studies conducted in other environments have shown groundcover as a factor that significantly 
reduces overland flow, amongst other things (Sanjari et al., 2009; Podwojewski et al., 2011). 
According to Karnoven et al. (1999) in addition to groundcover, soil texture influences the 
amount of overland flow. This is supported by Orchard et al. (2013) who found that overland 
flow on hillslopes was a function of soil clay content, soil crusting and soil surface coverage, 
hence the conclusion that overland flow is controlled by soil texture, surface features and has 
high spatial variability. Soil texture influences infiltration rate, where the generation of overland 
flow, particularly hortonian, depends on how fine or coarse the soil texture is. 
 
2.3.2 Subsurface flow 
 
Subsurface flow can either occur as vertical or lateral flow. Vertical flow is basically infiltration, 
although in some soil types it changes flow direction, due to soil textural discontinuities and the 
gradient of the slope, which is when it becomes lateral flow. Subsurface lateral flow comprises 
of flow between soil horizons, at the soil-bedrock interface or macropore flow. The rate of flow 
of these processes varies with lithological differences, soil types and slope (Lin et al., 2006). 
According to studies conducted by Puigdefabregas et al. (1998) and McNamara et al. (2005), 
characterizing the components of subsurface water flow is complex and challenging in 
hydrological process studies, especially on hillslopes, because of their dynamic nature. Other 
studies have shown that soil depth (Weiler and Mcdonnell 2004), soil horizon contacts (Mosley, 
1979) and bedrock topography control and influence the generation of subsurface lateral flow. 
According to Anderson and Burt (1990), subsurface lateral flow is the main runoff generating 
mechanism in temperate regions, whilst in arid and semi-arid areas it only occurs under certain 
conditions, such as transient water tables, as a result of high antecedent moisture levels. As a 
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contributor to streamflow it, therefore, becomes crucial to understand this flow mechanisms, 
especially in water-limited environments.  
 
2.3.3 Bedrock flow 
 
Water either moves on top of the bedrock (soil bedrock interface) or through cracks within the 
bedrock. The rate of water movement is dependent on soil type, cracks, number of pore spaces 
and size (i.e. the hydraulic characteristics of the medium). Water in the bedrock generally moves 
laterally or vertically through cracks (van Tol et al., 2008). According to Ticehurst et al. (2007) 
bedrock flow is important for the recharge of groundwater levels, lower slopes and the 
generation of baseflow in streams. The knowledge of baseflow generation is crucial, especially 
in savannas for an understanding of hydrological connectivity between streams and hillslopes.  
 
2.4 The Influence of Macropores and Soil Pipes on Hillslope Storage 
 
During intensive rainfall events, a significant amount of water moves through macropores and 
soil pipes as a result of plant root channels, high clay mineral contents and soil fauna (van Tol et 
al, 2012). The presence of these pipes and macropores on a hillslope (Figure 2.2) has the 
potential to contribute a significant amount of water to streamflow (Uchida et al., 2006). Studies 
have shown that flow through macropores is governed by the size, accessibility and continuity of 
the pores. Flow continuity is influenced by amount of soil water status and the intensity of water 
supply (Nieber et al., 2000; Lin et al., 2006). Macropores have a negative influence on water 
residence time and hillslope storage, since significant amounts of water are drained in a short 





Figure 2.2 Macropore flow - Soil pipe outlet (photo by le Roux, 2006) 
 
2.5 The Hillslope Water Budget 
 
The water budget is important for understanding water fluxes and water storage on a hillslope. 
The overall forces on the hillslope water budget are the vegetation type, climate and landscape 
morphology of the area (Thompson et al., 2011). Vegetation patterns drive the spatial 
evapotranspiration demand at the hillslope scale and are also signatures of water availability. The 
water budget is altered by vegetation at the surface through canopy cover and interception which 
modify infiltration rates. In the subsurface, vegetation alters the soil structure through macropore 
formation and root water uptake. Studies conducted in KNP have shown that although vegetation 
is assumed to be a control and signature of hydrological processes, the link between them varies, 
depending on the impact of other drivers, such as soil hydraulic properties and nutrient 
availability (Boisvenue and Running, 2006; Khomo and Rogers, 2009).  
 
The quantification of water fluxes in the subsurface is a complex process, since they are 
compounded by both climatic forces and subsurface controls, such as morphology and soil 
texture, which modify the soil water dynamics. An understanding of these water fluxes and 
dominant flow paths helps in the quantification of the hillslope storage (McGuire and 
McDonnell, 2005). A comprehensive understanding of the water budget, especially in water-
limited environments is important for the knowledge of the component fluxes in and out of the 
system. Knowing how much water can be stored in the system will help in the determination of 
the best land use practises for the area. 
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2.6 Hillslope Hydrological Connectivity  
 
Hydrologic connectivity is a quantifiable concept to describe the water-mediated transport of 
matter, energy and organisms within or between elements of the hydrologic cycle, such as 
connectivity between groundwater and surface water (Pringle et al., 2007). Hydrological 
connectivity provides a framework that enables the study of hillslope hydrology and 
geomorphology, through the extraction of simplified and quantifiable characteristics that 
transcend an individual hillslope (Buttle et al., 2004; Bracken and Croke, 2007; Freeman et al., 
2007). There are a range of processes that ensure connectivity at the hillslope scale, but might 
not always be present, such as saturated overland flow, base flow, subsurface-saturated and 
return flow. The dynamic behaviour of hillslope processes requires a clear understanding of the 
linkages between patterns and the processes, hence the need to know the connectivity between 
elements and components of the whole system (Tromp-van Meerveld and McDonnell, 2006). 
Hydrological connectivity varies due to climatic setting. In humid temperate environments, 
connectivity is highly dependent on connections between saturated areas, such as stream 
channels and hillslope hollows (Stieglitz et al., 2003). However, from studies conducted in dry 
environments, results show that evapotranspiration meets or exceeds precipitation for much of 
the year, therefore, connectivity is highly temporal (Newman et al., 1998; Puigdefabregas et al., 
1998; Gomez-Plaza et al., 2001; Chamran et al., 2002). Understanding connectivity in semi-arid 
areas is therefore, fundamental for effective water resource management, ecosystem 
sustainability and the general understanding of hydrological and ecosystem responses to various 
processes, due to the complexity and diversity of the landscape, as well as variations in geology 
and climate. This knowledge is also crucial in savannas, since they are important for biological 
diversity and humans also depend on them for their livelihoods (Falkenmark and Rostrom, 
2004). Understanding hydrological connectivity at this scale is therefore, important in 
understanding the mechanisms of flow in and along the hillslope. Insights into this connectivity 
can be shown through hydropedological interpretations of the soils. 
 
2.7 Hydropedological Soil Types and the Use Pedotransfer Functions 
 
Soils and hydrology have an interactive relationship. This interaction, according to le Roux et al. 
(2011) has been neglected for a long time. Due to the ever-increasing water shortages and stress 
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on the environment as a result of climate change and population increase, it has become 
important to characterize and quantify this interaction. This interaction affects various sectors of 
the economy and the environment, including crop production and food security (agriculture), 
water resources management (water use, pollution) and wetland ecosystems (le Roux et al., 
2011). 
 
Integrating pedology (the study of soils in their natural environment) with hydrology enhances 
the faithful exploration of soil, water and landscape relationships and how these components 
affect one another (Lin et al., 2008). Some soil properties influence hydrological processes, flow 
paths and the rate of water flow (i.e. structure, hydraulic conductivity and texture), whilst some 
can be used as indicators of the hydrological regime of soil types, such as the soil color (Lin et 
al., 2006). In natural systems, an understanding of hydropedology is still limited, although it is 
crucial for the prediction of hillslope behavior and process conceptualization (le Roux et al., 
2011). 
 
There are three main hydrological soil types, namely, responsive, recharge and interflow. These 
soil types are distinguished according to their hydrological responses (Ticehurst et al., 2007; van 
Tol et al., 2011). Recharge soils are soils that do not have a morphological indication of 
saturation having a vertical flow direction that can be a preferential pathway for potential 
groundwater recharge. Interflow (throughflow) soils are soils where subsurface lateral flow is 
mainly controlled by soil properties and topography. Interflow soils can thus be lateral flow 
between soils horizons or at the soil/bedrock interface. These soils are responsible for 
connectivity between catena elements and/or the whole catena and the adjacent stream. 
Responsive soils can be categorized into two types: shallow responsive and saturated responsive. 
The former becomes responsive, due to limited storage capacity (small soil water deficit), whilst 
the latter is due to saturation (saturation deficit = 0) (Soulsby et al., 2006; van Tol et al., 2012). 
Responsive soils are responsible for the generation of overland flow. Understanding the 
variability of the different soil types spatially will enhance our understanding of hillslope 
processes and mechanisms of flow, since soils control water storage and tact as the first order 
control in the partitioning of flow paths (Soulsby et al., 2006). An understanding of these 
hydrological soil types also helps in the determination of areas where there could be potential 
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connectivity, for example, interflow at the soil/bedrock interface in the riparian zone could mean 
potential connectivity between the hillslope and adjacent stream network.  
 
The most important control on hillslope hydrological behaviour is soil (Schulze, 1995). Due to 
climatic regimes, especially in semi-arid regions, a large percentage of pre-event water is 
expected to be stored in the unsaturated zones on hillslopes, only becoming mobile due to an 
event-based forcing (Uhlenbrok et al., 2002). An improved understanding of the fluxes can be 
achieved through modelling. However, in order to simulate water flow using hydrological 
models, surface and subsurface measurements of different parameters, such as water retention 
and hydraulic conductivity are needed, although they are time-consuming and some of them are 
expensive to measure (Ticehurst et al., 2007). An alternative that other researchers have adopted 
is the use of pedotransfer functions. According to Bouma (2006), the use of pedotransfer 
functions is where the data that we have available is translated into data that we need. From data, 
such as soil texture and bulk density, some hydrological processes can be estimated (Pachepsky 
and Rawls 2002; van Tol et al., 2012). Pedotransfer functions mainly emphasize the link 
between hydrology and pedology, using techniques that associate some soil properties with some 
hydrological properties (Bouma, 2006). 
 
2.8 The Significance of Conducting Research at Multiple Scales 
 
Hydrological processes operate at different scales and they involve controls, such as landscape 
morphology, geology and climatic conditions in different environments (Hjalmar et al., 2007). 
The quantification of the spatial variability of hydrological processes across multiple scales is 
crucial in natural resources management, ecological modelling and environmental prediction. 
According to Jewitt and Gorgens (1995), there are three scales in hydrological studies, namely, 
the observation scale, the process scale and the operation scale. The scale at which natural 
processes/phenomena occur is called the process scale (Blöschl and Sivapalan, 1995). According 
to the research objectives and aims of a study, a scale at which measurements are made is 
referred to as the observation scale. The operational or working scale is the one at which the 
main focus of the study lies (Jewitt and Gorgens 1995). According to Sivapalan (1995), the 





The effect of scale on hydrological variables is one major unresolved issue in hydrological 
studies (Sivapalan and Kalma, 1995; Cammeraat 2002). According to Blöschl (2001) a 
significant effort has been put into theoretical scaling aspects, although less work has been 
shown in research studies. It is therefore, important to study hydrological processes at multiple 
spatial and temporal scales, to determine processes that are scale-dependent and to assess how 
processes change with incremental scales. This is still a methodological gap in the evaluation of 
ecosystem change since most geological and hydrological mechanisms are considered scale 
dependent (Lorentz et al., 2010). 
 
2.9 The Use of Models in Hydrological Studies 
 
Many hillslope behaviours can be observed, but their quantification in terms of water fluxes 
requires data integration and upscaling. Typically this is achieved through the integration of the 
numerical representation of processes in the form of a mathematical model. Reality may be 
represented to a certain degree, but the models have become essential tools in the integration of 
data and provision of insights into the hydrological functions of a catchment resulting in the 
better understanding of the processes (Sivapalan, 2003; Dye, 2003).  
 
According to Mulligan and Wainwright (2004), “models must represent the hydrological 
processes in the manner that is most consistent with the observations, while staying physically 
realistic and computationally practical”. In physically-based modelling approaches, a field-
based approach facilitates conceptualization from which the complexity of hillslope processes 
can be understood (Sivapalan, 2003). There have been some remarkable developments in 
hillslope hydrological research, but there is still need to upscale processes for varying climates, 
geographic areas and different geologies (Tetzlaff et al., 2008). 
 
There are numerous models that can be used to simulate flow in the unsaturated zone, such as 
DRAINMOD, MODFLOW, HYDRUS and FEFLOW. A review of literature shows HYDRUS to 
have more simulation capabilities over other models, because it can simulate flow in partially 
saturated, saturated and unsaturated areas and also under heterogeneous conditions (Smethurst et 
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al., 2009). HYDRUS can model evaporation using an extraction function that is based on 
Darcy’s Law and a sink term is used for the calculation of transpiration, depending on the root 
zone water potential of the surrounding soil. HYDRUS relates subsurface water partitioning 
processes to measured soil hydraulic properties, root distribution and water uptake. It therefore, 
allows a close examination of the effects of soil and vegetation on water partitioning into 
different fluxes (Guan et al., 2010). 
 
2.10 Model Sensitivity Analysis 
 
Distributed hydrological models are fundamental for the simulation and upscaling or 
downscaling of processes and they play a key role in hydrology and water resources studies. 
They have become important tools in research studies for investigation of issues relating to the 
planning and management of water resources (Muleta and Nicklow 2005). In order for model 
predictions to be reliable, the structure of the model must be well parameterized and defined. 
This helps in efficient use and application of the model. However, it is a difficult task to estimate 
model parameters, due to uncertainty that results from the determination of parameter values that 
cannot be measured easily in the field (Liu et al., 2005). This is where model sensitivity analysis 
comes in. Sensitivity analysis is a technique that can be used to assess parameters used as input 
variables with respect to their contribution to output variability (Hamby, 1994). Focusing on the 
sensitive model parameters helps in better understanding and estimation of parameter values, 
hence reducing uncertainty in model output (Leinhart et al., 2002). Future characterization would 
therefore, be required for data which the model was most sensitive to so that results can be 
reliable and credible (Jakeman et al., 2006) and for successful model application and proper 
planning for future research (Sieber and Uhlenbrok 2005).  
 
2.11 Evapotranspiration: Conventional/Remote Sensing Techniques 
 
In order to manage catchments, water supply systems and other ecosystems, an understanding of 
the spatial and temporal distribution of soil water depletion through evapotranspiration is 
essential. There is potential and actual evapotranspiration, where the former refers to an estimate 
of the amount of water that can be extracted through evaporation from the soil surface and 
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transpiration from plants, assuming that there is no control on water supply. The latter refers to 
the actual measure of water lost to the atmosphere through the two processes. Since natural 
landscapes in particular are heterogeneous, the determination of ET becomes complex. Although 
it is complex, the accurate determination of ET reduces some water balance uncertainties in 
catchments (Cleugh et al., 2007).  
 
There are conventional methods that are based on climate data that can be used to calculate 
evapotranspiration for a reference crop i.e. alfalfa (Wright and Jensen, 1972) and short uniform 
grass (Doorenbos and Pruitt, 1977; cited by Allen et al. 1998). A crop coefficient is used that is 
specific to each area under study and crop water requirements are determined for the different 
stages of crop growth. Since the crop water requirement is often from literature, the crop factors 
might not be accurate, due to the different growth stages. Estimates are localized; therefore, the 
spatial variation at larger scales becomes impossible. ET estimates are nevertheless crucial for an 
indication of climatic aspects that are linked to the water balance, plant productivity and energy 
supply, especially in hydro-ecological studies (O’Brien, 2006). There is high species diversity in 
savannas, therefore, soil water demand is high, especially during the dry season when plant water 
stress will be high for shallow-rooted plants species (Scholes and archer, 1997). Actual ET can 
be calculated, using remote sensing techniques (Bastiaanssen et al., 2002). Actual ET can be 
computed at a range of a single pixel to a raster image. This makes it easier for the acquisition of 
soil water data in terms of what is lost through evaporation from the soil surface and 
transpiration from plants (Ahmad et al., 2005). Different remote sensing techniques that can be 
used will be discussed in detail in the following section. 
 
2.12 Review of Methods used in this study 
 
There have been many advances in hillslope hydrology globally and researchers have used 
various methods and techniques to characterize hydrological responses (Freer et al., 1997; Asano 
et al., 2002; Wainwright and Mulligan, 2004). These include qualitative assumptions, 
geophysical surveys, tracer-based observations and quantitative hydrometric data of the soil 





Measurement of the hydraulic conductivity and infiltration rate of soil has been conducted, using 
a number of different instruments. The double ring infiltrometer is one such instrument that 
measures the saturated soil hydraulic conductivity in situ. It can be used on the soil surface or at 
different depths in pits. Although, simple to use this technique, it cannot be applied where the 
test surface is below the water table or where there is some resistance to ring penetration because 
that will disturb the soil, hence introducing a bias in the results (Johnson, 1991). Alternatively, 
field Ksat (saturated hydraulic conductivity) can be measured using the mobile permeameter or 
the Guelph permeameter. These two instruments operate more or less the same way where the 
steady-state rate of infiltration is recorded, whilst maintaining a constant head of water in an 
augered hole where the permeameter is submerged. These instruments are easy to use and they 
allow for the measurement of soil permeability of different horizons in the subsurface 
(Amoozegar, 2008). The TDI (Tension Disk Infiltrometer) is used to measure the Kunsat 
(unsaturated hydraulic conductivity) of the soil. This instrument has the advantage of allowing 
the measurement of the steady-state infiltration rate of water into the porous medium at different 
tensions. However, the TDI is not suitable for surfaces that have cracking (characteristic of 
heavy clays) or coarse soils otherwise the results become unreliable (Ankeny et al., 1991). 
 
The measurement of soil water helps to get feedback that can assist in water management 
decisions. Subsurface soil water dynamics can be measured by a wide range of instruments. 
Some of the instruments give output data in water contents, whilst some give soil water tension. 
In the past, tensiometers and soil moisture sensors were used for the characterization of soil 
potentials, but there have been advances with the introduction of instruments such as Time 
Domain Reflectometry, which is now used in conjunction with the other instruments 
(Uhlenbrook et al., 2002; McDonnell et al., 2003; van Tol et al., 2013). The neutron probe is an 
instrument that measures water content. It is accurate and measurements can be repeated. It also 
samples large areas, but it is relatively expensive to use, whilst the Time Domain Reflectometry 
is less expensive and easy to log, but only samples small areas. Tensiometers can be used to 
measure soil water tension. They are less expensive, but they require high maintenance. A 
granular matrix sensor (watermarkTM) can also be used to measure soil water tension. This 
instrument is very cheap, easy to use, does not require high maintenance, but has highly variable 
output data (Uhlenbrook et al., 2002). 
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To explore subsurface material distribution, geophysical techniques such as the Induced 
Polarization (IP) and Electrical Resistivity Tomography (ERT) have been used. They measure 
the earth’s mineral capacitance and subsurface resistivity distribution, respectively. This has 
proved very helpful over the years in the provision of accurate bedrock measurements and 
lithographic distributions. A time series analysis through ERT also helps in the assessment of 
soil water dynamics and for wetting and drying phases in the subsurface (Rodriguez-lturbe et al., 
2000; Rodriguez-lturbe and Porporato, 2004).  
 
Soil and hydrology have an interactive relationship. Soil characterization helps to improve the 
understanding of the hydrological processes. Soils can be classified, using the taxonomical 
classification of South Africa by the 1991 working group. This classification gives the diagnostic 
horizons and the soil form. To pin soils and hydrology together, soils can be classified 
hydropedologically (van Tol et al., 2013) according to their hydrological response, using the 
hydrological soil types, namely, recharge, interflow and responsive (le Roux et al., 2011). This 
hydropedological classification of soils is still in its infancy, but nonetheless forms a basis for the 
integration of data at the hillslope scale. 
 
An important aspect in hillslope hydrological studies is the hillslope water budget. In order to 
calculate the water budget it is fundamental to know how much is being lost from the vadose 
zone through ET. As discussed earlier, this can be achieved through conventional methods or 
through remote sensing techniques. The estimation of actual evapotranspiration has mostly been 
done, using satellite remote sensing (Bastiaanssen et al., 2002). Actual ET can be computed at a 
range of a pixel to a raster. This makes it easier for the acquisition of soil water data (Ahmad et 
al., 2005). The Surface Energy Balance Algorithm for Land SEBAL (Bastiaanssen et al., 1998) 
is one example of a satellite remote sensing technique that can be used to compute actual ET, 
using visible thermal and near infrared bands. Through the latent heat of vaporization flux, actual 
ET can be estimated directly. Quite a number of satellite remote sensing models are available 
besides SEBAL. These include METRIC (Allen et al., 2007), Analytical Land Atmosphere 
Radiometer Model (ALARM; Suleiman et al., 2009) and ReSET (Elhaddad and Garcia, 2008). 




𝑅𝑛 = 𝐿𝐸 + 𝐺 + 𝐻                                                                                                                         (2.1)             
Where: 
Rn - Net radiation (Wm
-2) 
LE - Latent heat flux (Wm
-2
) 
G - Soil heat flux (Wm-2) 
H - Sensible heat flux. (Wm-2) 
 
According to Tasumi et al. (2003), SEBAL is a widely accepted method that has been tested and 
proved to have a high degree of accuracy. SEBAL was applied worldwide in more than thirty 
countries and results show that its accuracy on annual aET is 96% and 85% on daily ET for a 
wide variety of plant assemblages and different soil water indices. SEBAL can be used for ET 





There have been many advances in hillslope hydrological studies globally and there have been 
numerous achievements, but scale issues and the classification of processes remain a problem. 
Various studies have shown how hillslope hydrology allows the determination of different 
environmental forces on hydrological processes and the connectivity of different systems, 
through the study of flow paths. However, hillslope hydrology has been shown as an intricate 
suite of processes that operate differently at different scales, due to heterogeneity in the 
unsaturated zone. 
 
This review has also shown how important soils are in the study of hydrological processes, since 
soils control hydrological properties and also serve as indicators of hydrological regimes. A 
hydropedological classification can therefore, serve as a basis for data integration and 
hydrological modelling through pedotransfer functions. Modelling in turn, helps in the 
calculation of hillslope water budgets, to understand storage and water fluxes in and out of the 
system. All these data will then assist in the development of an abiotic template of hydrological 




The function of ephemeral catchments in a water-limited (Savanna) environment has been shown 
as a knowledge gap in our understanding of processes in the KNP region therefore, the review of 
literature led to the development of the key questions and objectives in the following section. 
 
2.14 Key Questions, Hypothesis Development and Study Objectives 
 
Key Questions formulated through the review of relevant literature. 
 How do dominant hydrological processes vary on hillslopes areas  contributing to 1st, 2nd 
and 3
rd
 order streams and on hillslopes of the same order across different parent materials 
(basalt and granite)?; 
 How does soil water potential vary temporally at catena element scale, with increasing
  depth?; and 
 Are there contributions from upslope catena elements to downslope elements or 
  potential aquifer recharge? 
The following hypotheses were also drawn, based on the literature review: 
 Vertical subsurface flow was anticipated on the granite crest catena elements because 
  they are characterized by sandy soils (high hydraulic conductivity), since most clay 
  particles would have been washed downslope through eluviation processes. This will be 
  tested using soil surveys, hydropedology principles and conductivity data; 
 Lateral contributions to downslope catena elements were anticipated, due to the slope in 
  the granites, hence there will be hydrological connectivity between elements. This was 
  tested through hydropedology principles and conductivity data; 
 Ksat and Kunsat was expected to be high on the granites, due to the sandy soils  
  characteristic of granite derived soils, compared to basalt soils that have a high clay 
  percentage;  
 Basalt hillslope was expected to be characterized by vertical subsurface flow and no 
  lateral contributions from interfluves to downslope elements (disconnected elements), 
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  due to the low gradient topography. This was verified through hydropedology principles 
  and hydrological modelling. 
 Soil water potential would be more negative in the basalts because clay soils have higher 
  water retention capacity compared to sandy soils characteristic of the granites.  
 
Study Objectives were: 
 
 To observe and characterize mechanisms of flow in (subsurface) and along hillslopes; 
 To determine hydrological soil types and classify hillslopes according to hydropedology 
  principles; and, 




3 STUDY SITES AND METHODOLOGY 
 
3.1 Location: Kruger National Park (KNP) 
 
The KNP is located in the Lowveld, in the north-eastern part of South Africa, bordering on 
Mozambique. According to Kokwaro and Gillet (1980), it occupies an area of about 18 998 km
2
 
(approximately 1 900 000 ha) between latitudes 22° 25’ to 25° 32’to the South and longitudes 




The Kruger National Park has a semi-arid climate. Conditions vary from hot and humid summers 
to mild and dry winter months. According to Tyson and Dyer (1978), cited by Kokwaro and 
Gillet (1980), the southern part of the park receives an annual rainfall of ±750 mm, whilst the 
north receives ±350 mm. The rainfall also decreases in a westerly to easterly direction in the 






Figure 3.1 Rainfall distributions in KNP and location of sites (Riddell et al., 2011). 
 
3.3 KNP Geology and Soils  
 
According to Venter (1990), the geology of KNP comprises sedimentary, metamorphic and 
igneous rocks. Longitudinally, the geology follows a north-south orientation, with granites in the 
west and basalts in the east (Figure 3.2). Due to parent material diversity, a variety of soil and 
plant communities are found in the Park. Soils range from coarse grained sands to fine loams in 






Figure 3.2 Geology of KNP and location of supersites within the land systems  




According to Venter (1990) KNP is drained by seven major rivers, namely, the Crocodile, 
Letaba, Olifants, Sabie, Luvuvhu, Shingwedzi and Limpopo Rivers. Some of the rivers originate 
in the Northern Drakensberg and then flow eastwards. The small streams and tributaries of these 
rivers form dendritic patterns in the granites (high stream density), compared to the rectangular 






According to Venter (1990), there are more than 1 900 different plant species in the KNP. The 
southern granite areas comprise dense woodland, compared to the basalts. Crests in the granites 
are mainly characterized by sandy soils that support Combretum apiculum, Combretum zeyheri, 
and Terminalia sericea. Riparian zones and valley bottoms comprise Euclea divinorum, 
Dichrostachys cinerea and Acacia nigrescens, whilst the midslopes comprise some 
Dichrostachys cinerea and Acacia nilotica. The basalts have sparsely populated vegetation, 
dominated by Acacia nigrescens and Sclerocarya birrea in the south (Venter, 1990). 
 
3.6 Overview: Supersites 
 
In KNP, researchers have focused on manipulated sites, such as the existing burn plots and 
exclosures, when applying controlled treatments. However, some researchers preferred to do 
research in non-manipulated or near pristine sites, which they conducted haphazardly throughout 
the park, making it difficult or almost impossible to integrate and link datasets from the different 
projects (Smit et al., 2013). Due to the absence of such data rich, long-term monitoring sites on 
near pristine areas, research sites colloquially termed “Supersites”, were then selected as being 
representative of catchment characteristics of the various landscape systems within the park. 
Each site has at least three different stream orders (Figure 3.3), for the description and 
measurement of processes at different scales. Each site contains hillslope soils and vegetation 
patterns (catena sequence) that are common throughout the land system. 
 
This research was conducted on the two southern sites C and D (Figure 3.2). These are the 
Southern Granites and the Southern Basalts popularly known as Stevenson-Hamilton and 
Nhlowa respectively. The Stevenson-Hamilton supersite falls under the Skukuza land system 
according to Venter’s classification (Venter, 1990). It is within the Renosterkoppies land type, 
which is finely dissected, resulting in a high stream density (Smit et al., 2013). Crests on the 
southern granite supersite are dominated by terminalia sericea and combretum spp, whilst the 
acacia niloticas are on the midslopes and valley bottoms dominated by Euclia divinorium. The 
Nhlowa supersite lies in the Satara land system (Venter, 1990). It is characterized by sclerocarya 
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birrea and acacia nigresens (open savanna), with a dense grass cover, a result of the nutrient rich 
basalt soils. The basalts have a low gradient topography comprising very large interfluves and a 
riparian zone, whilst the granites hillslopes can be subdivided into four or five elements 
distinguished by the organization of soils and vegetation on the slopes (catena sequence).  
 
 
Figure 3.3 The southern granite supersite and southern basalt supersite showing the   




3.7 Methodology Roadmap 
 
To accomplish the study objectives, the methods used will be outlined (Figure 3.4) and discussed 
in this chapter. The determination and quantification of hillslope processes and flow 




 order streams 
was achieved using a number of characterization techniques including, geophysical surveys 
(ERT), soil surveys, hydrometry and physically-based numerical modelling. This chapter 
outlines these techniques in detail, showing maps with locations of the instrumentation (Figures 
3.5 and 3.6). Monitoring and data collection on the KNP Supersites commenced in July 2011 




Figure 3.4 Methodology roadmap 
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3.8 Instrumentation Network 
 
The instrumentation network comprises three transects on each supersite (Figures 3.5 and 3.6). 
These transects run parallel with the slope of the catena, from the crest to the toeslope. This is 
where measurements were concentrated i.e. geophysics ERT and the monitoring stations for soil 
water sensors were also nested along these transects. Due to logistical constraints, ERT and 
saturated hydraulic conductivity was not conducted at the basalt supersite. 
 
 
Figure 3.5 Monitoring stations and geophysics transects on granite supersite, respectively. 
Green = weather station, Red = soil moisture sensors station, Blue = rain gauge, C 






Figure 3.6 Monitoring stations and geophysics transects on basalt supersite, respectively. C = 
Crest, M = Midslope, R = Riparian, black line = geophysics transect and Red = soil 
moisture sensors station, Green = weather station 
 
The two sites differ in topography. The granites have steeper slopes than the basalts. Slopes at 
the granites are 2.3 % on the 1
st




 order hillslopes 
(refer to Figure 9.12 for a contour map). The basalts have a low gradient topography with slopes 
of 1.4% on all the hillsope transects. 
 
3.8.1 Meteorological station 
 
Tipping bucket rain gauges (Texas ™ and Davis™) were installed on the granite and basalt 
supersites, respectively, for the measurement of event-based rainfall. Tipping bucket rain gauges 
were used because they can measure the rainfall intensity. They were calibrated to 0.1 mm 
(granites) and 0.2 mm (basalts). Temperature (°C), solar radiation (Wm
2
), wind direction and 
wind speed (m/s) were also recorded and these sensors were connected through a console, which 






3.9 Characterization of Soil Hydraulic Properties  
 
Hydraulic conductivity measurements were conducted on the hillslope transects of each catena 
element close to the soil water monitoring stations at the two supersites. 
 
3.9.1 Field measurement of unsaturated hydraulic conductivity (kunsat) 
 
The Tension Disc Infiltrometer, TDI (Figure 3.7) was used to determine the soil Kunsat. 
Measurements were made at each soil horizon interface in the profile. The steady-state 
infiltration of water was recorded, whilst a suction/tension was maintained in the water supply 
pipe. Four tensions were used (5 mm, 60 mm, 90 mm and 120 mm) on the same surface, to 
determine the steady-state infiltration rate of water at the different tensions. The Kunsat of the 
soils calculated from the TDI was determined according to the method of Ankeny et al. (1991). 
TDI data is useful for quantification of effects of macropores on infiltration rates of different soil 
textures. It can also be used for quantification of preferential paths and the evaluation of 
saturated hydraulic conductivity (van Genuchten and Šimůnek, 1996) 
 






                                                                                                  (3.1) 
𝐴  - Parameter for Kunsat equation [mm
-1
],  
𝑄  - Steady-state infiltration rate [mm3.min-1], 
𝑡𝐴  - 1st tension in [mm] 
𝑡𝐵  - 2nd tension in [mm]. 
 




                                                                                                                  (3.2) 
           
Where 
Kunsat   - Unsaturated Hydraulic conductivity [mm.min
-1
], and 




Figure 3.7 (a) Schematic of a tension disk infiltrometer, (b) infiltrometer set-up in the field. 
 
3.9.2 Field measurement of saturated hydraulic conductivity (ksat) 
 
The double ring infiltrometer and mobile permeameter were used to measure Ksat on the southern 
granite supersite (Figure 3.8). The double ring was used at the same spot where the Kunsat was 
measured and also in the B-horizons. Ksat was also measured in the subsurface using the mobile 
permeameter where holes were augured to the desired depths and the steady-state rate of inflow 
of water was recorded. Due to the nature of soils in the basalt, Ksat could not be measured 
because of the time it would take to conduct the measurements. 
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Figure 3.8 Field measurement of Ksat using the double ring infiltrometer and permeameter, 
   respectively. 
 
3.9.3 The double ring infiltrometer 
 
Using the measurements from the field, the following equation was used to calculate the field 
saturated hydraulic conductivity of the soils. 
 
𝑉𝐼𝑅 = 𝛥𝑉𝐼𝑅/(𝐴𝐼𝑅 ∗ 𝛥𝑡)       (3.3) 
Where:𝑉𝐼𝑅 = Inner ring incremental velocity mm/hr 
𝛥𝑉𝐼𝑅 =Volume of liquid used to maintain a constant head in the inner ring (mm
3
) 
𝐴𝐼𝑅 =  Area of internal inner ring (mm
2
) 
𝛥𝑡 = Time interval in hours 
Space between rings: 
𝑉𝐴 = 𝛥𝑉𝐴/(𝐴𝐴 ∗ 𝛥𝑡)        (3.4) 
𝑉𝐴 = Incremental velocity in annual space mm/hr 
𝛥𝑉𝐴 = Volume of liquid used to maintain constant head in outer ring in (mm
3
) 







3.9.4 The mobile permeameter 
 
The steady-state infiltration of water into the soil was determined in an augured cylindrical hole, 
where a constant head of water was maintained in the hole, whilst water infiltrates from a 20-litre 
container with two permeameters connected on one pipe. This method allowed for measurements 
to be performed in subsurface soil horizons in a profile (Figure 3.9). The 3-D water flow is 
governed by the Glover equation below (Amoozegar, 2008): 
Ksat= 𝐶𝑄          (3.5) 
Where: 
Ksat= Saturated hydraulic conductivity (mm/ hr)  
𝑄 = Steady-state rate of water flow (mm3 hr)  
𝐶 = Constant 
Where: 











)] /(2𝜋𝐻2)     (3.6) 
And where: 
𝐻 = Height of water in the reservoir (mm) 




Figure 3.9 Schematic of the measurement of Ksat using the mobile permeameter  
 
There is a distinction between saturated and unsaturated hydraulic conductivity. Saturated 
hydraulic conductivity is measured in saturated soils where matric potential for the soil is zero. 
The resistance to movement in saturated soils is determined by the size and arrangement of pores 
amongst other factors such as soil structure and soil grain size. Unsaturated hydraulic 
conductivity is a measure of the soil’s ability to transmit water under unsaturated conditions. It is 
important to measure the saturated and unsaturated hydraulic conductivity of a soil for the 
evaluation of movement of nutrients, the development of unsaturated zone models and 
monitoring systems. The measurement of unsaturated hydraulic conductivity at different tensions 






3.10 Soil Classification 
 
Soil properties, such as morphology, can serve as indicators of the hydrological regime. Soils 
have a governing influence on a number of hydrological processes therefore, soils were surveyed 
and classified. Holes were augured and pits were dug from the soil surface down to saprolite on 
each catena element (Figure 3.10). Soil samples were collected at each diagnostic horizon for the 
determination of particle size distribution in the lab. Diagnostic horizons were identified and 
classified according to the taxonomical soil classification system of South Africa (Soil 
Classification Working Group, 1991).  
 
 
Figure 3.10 Taxonomical soil classifications on catena elements showing Sterkspruit soil form 
  at 3
rd
 order midslope (a) and Pinedene form at 2
nd
 order crest (b) respectively. 
 
During surveys, soil structure, texture and visible hydrological features (i.e. the presence of 
mottles) were recorded for hydropedological classification. This classification was performed 
according to le Roux et al. (2013) and van Tol et al.’s (2013) principles and the hydrological soil 





Figure 3.11  Hydrological soil types (after van Tol et al., 2013) 
 
The whole hillslope was classified according to their soil types and hydrological regimes, using 
the dominant processes defined by the soil types of the catena elements. The classification 
system is still in its infancy but, was nevertheless used in this study because it forms the basis on 
which data can be linked, compared and integrated at the hillslope scale for the conceptualization 





Table 3.1 Hydropedological Soil Types (after van Tol et al., 2013) 
CLASS  NAME OF CLASS 
1 Interflow (Soil/Bedrock Interface) 
2 Shallow Responsive 
3 Recharge to Groundwater (Not Connected) 
4 Recharge to Wetland 
5 Recharge to Midslope  
6 Quick Interflow 
 
3.11 Monitoring of Subsurface Soil Water Dynamics 
 
Soil moisture sensors (WaterMarks
TM
) were used to determine characteristic subsurface soil-
water dynamics within typical catena soils at the hillslope scale (Figure 3.12). WaterMarkTM 
sensors measure electrical resistance of porous medium in kilo-ohms (kΩ). They have a gypsum 
block type of sensor to measure the resistance. The material around the gypsum-type sensor is 
water-permeable in which the electrodes are embedded. Therefore, the resistance between the 
electrodes is influenced by the moisture content. Where there is low water content, a high 
resistance is recorded and vice-versa. In order to convert the millivolt readings to capillary 
pressure head, a calibration function for three channels is applied, using Equation (3.7). Each 
sensor is calibrated and the temperature readings are corrected, allowing for the conversion to 
soil water potential (derived from Lorentz and Pretorius, 2008). The sensors are then connected 
to a HOBO 4-channel data logger (three soil moisture sensors and one temperature sensor as 
channel four). The sensitivity range for the sensors is from zero to approximately 15 000 mm of 
pressure. This was the range that measurements were considered realistic. At each station, two or 
three sensors were installed in a single profile in different diagnostic horizons that were 
identified during the soil surveys. 
 




       Where 𝐸 < 𝑚𝑉 < 𝐹                     (3.7b) 




𝜑ℎ - CPH (Capillary Pressure Head in mm), a tension which is a positive equivalent of  
  matric potential 
𝑚𝑉 - millivolts 
𝑇 - Temperature (℃) 
𝐴 − 𝐺 - Empirical constants for logger channels (Table 3.2) 
 
Table 3.2 Derived constants for parameter A-G (derived by Lorentz and Pretorius, 2008) 
Parameter Channel 1 Channel 2 Channel 3 
A -380 -760 -680 
B 1900 1900 1700 
C 0.37 0.357 0.357 
D 0.01205 0.01205 0.01205 
E 0.2 0.4 0.4 
F 1.85 1.85 1.85 
G 2543511.5 2543511.5 2543511.5 
H -4485496 -4633564 -4633563 
 
 
Figure 3.12 (a), soil moisture sensor (Cal Africa, 1978) and (b) schematic of installed sensors 
  in soil a profile 
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3.11.1 Laboratory-derived soil water potential 
 
The PotentiaMeter (Model WP4, Decagon) was used to measure the water potential of the soil. 
Soil samples from the two 3
rd
 order hillslopes (granites and basalts) were collected in order to 
make a qualitative comparison of gravimetric water content and water potential of the soils 
between the two geologies. The PotentiaMeter (Figure 3.13), can measure the water potential of 
a soil sample between -40 and zero MPa (air dry to saturated) with an accuracy of 0.1 MPa.  
 
The PotentiaMeter measures the effect of both the osmotic and matric potential of the soil 
dependent on the amount of dissolved materials in the sample. It uses a chilled mirror inside that 
determines the matric potential. At dew point temperature, the vapor pressure is calculated in the 
headspace above the equilibrated sample in the sample chamber (Petry and Byrant, 1993). Wet 
range readings are approximately equal to tensiometer readings, whilst the dry range sensors 
respond to atmospheric humidity changes, thereby making this a reliable and convenient method 
to use. 
 
The soil samples were oven-dried at 105 degrees Celsius for 24 hours. Samples were transferred 
to measuring cups and weighed to get the mass of the dry sample. A known volume of deionized 
water was added daily (between 0.1-0.2 g) and samples were left for the next 24 hours, so that 
they could equilibrate. This was repeated on a daily basis, until the soils were fully saturated. 
Water was added, so that the gravimetric water content could be calculated at which the matric 
and osmotic potential was measured. Daily results were then calculated to give a graph of water 
content against water potential for the different soils. Since oven-dried samples were used, the 
volumetric water content was also calculated from water that was added to the samples and 





Figure 3.13 WPA Dewpoint PotentiaMeter to measure soil water potential 
 
3.12 Geophysical Surveys 
 
Electrical resistivity (ERT) is a geophysics technique that can be used to determine subsurface 
resistivity distribution, using the instruments shown in Figure (3.14). It has mainly been used in 




Figure 3.14 ERT instrumentation ABEM Terrameter (ABEM [2005]: Instruction Manual) 
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The theory behind (ERT) is that the ground resistivity is related to a number of geological 
parameters, such as the dissolved ions in soil water, porosity, fluid content, minerals and degree 
of water saturation in the rock (ABEM, 2005). Different rocks and sediments have different 




Figure 3.15 Resistivity ranges of various sediments and rock types (after Loke, 2004) 
 
To measure the subsurface resistance, a current was injected into the ground using two electrodes 
(see Figure 3.16b). A resultant voltage between the two electrodes was used to derive the 
apparent resistance. There are a variety of arrays that can be used to measure the subsurface 
resistivity, such as, Wenner Alpha and Wener Beta, Wenner-Schlumberger and Dipole-dipole 
(Loke, 1999). According to Loke (2004), they have different geometric factors, therefore, they 
have different properties in the depths they can read (shallow or deep) and the resolution in 
which they can operate (vertical or horizontal). The apparent resistivity of the subsurface was 
governed by the equations: 
 
𝑝𝑎 = 𝑘 𝑉/𝐼         (3.8) 
𝑝𝑎 = 𝑘𝑅         (3.9) 
Where:  
𝑝𝑎 - Apparent resistivity (Ω) 
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𝑘 - The geometric factor 
𝑉 - Velocity (m/s) 
 𝐼 - Current (Amps) 
𝑅 - Resistance (Ω) 
 
This gives an apparent resistivity not the true resistivity of the subsurface. True resistivity was 
derived from Jacobian matrix calculations in the inversion modelling software RES2DINV 
(Loke, 2004).  
 
 
Figure 3.16 Basic electrical resistivity circuits from (a) one (b) two electrodes   
   (after Todd 1980) 
 
ERT, if applied as a time series analysis can be used in conjunction with hydrometric 
observations for a clear understanding of subsurface structure and composition, since 
hydrometrical observations are mainly localised, making it difficult to interpret soil water fluxes. 
These time series surveys were conducted on the southern granite supersite to compare the wet 
and dry season’s subsurface moisture dynamics and distribution of hillslope water. The probes 
were left on site at fixed positions because subsurface material remains fixed, but moisture 
content changes over time. Measurements were repeated at different times in a season to observe 
the change in moisture distribution over time. The first measurements were conducted on site in 
2011 and the results were used as the dry season signature of the subsurface resistivity (Riddell 
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et al., 2011). The repeated measurements were conducted in January 2013 after a high intensity 
rainfall event (e. g. 28 mm/hr.) and again in March 2013, towards the end of the wet season. 
Since the hillslopes are long, a roll-along was done, using half of the electrodes at the other end 
of the transect when one run was complete. This enabled the resistivity survey of the several 
hundred meter hillslopes to be possible. An inverse modelling technique (RES2DINV) was used 
for the inversions. 
 
3.13 Simulation of Flow and Catena Element Water Balances using HYDRUS 1D  
 
HYDRUS-1D (Šimůnek et al., 2013) was used to simulate flow and calculate model catena 
element soil water budgets. This was the model of choice, since the review of literature showed 
that it has the most simulating capabilities, compared to other models. HYDRUS can simulate 
water flow, solute and heat transport in saturated, unsaturated and partially saturated porous 
media and even on non-uniform soils, which was crucial in this study, considering the non-
homogenous soils on the study sites. HYDRUS 1D numerically solves the Richards equation for 
variably-saturated water flow (Equation 3.11). There is a sink term that accounts for root water 
uptake by plants and also different types of flow, such as macropore flow and/or matrix flow. 
The user specifies the type of domain, boundary conditions, initial conditions and the distribution 
of materials in the soil profile (Figure 3.17). Simulated results from the model were then used to 
calculate water balances, using the Equation (3.10) by Zhang et al. (2002). 
 
∆𝑆 = 𝑃 − 𝐸𝑇 − 𝑅 − 𝐹𝐷                                                                                         (3.10) 
Where:  
ΔS  - Change in water storage (mm) 
P - Precipitation (mm) 
ET - Evapotranspiration  
R - Surface runoff (mm)  






Figure 3.17 A schematic illustration of diagnostic horizons and boundary conditions in 
 HYDRUS 1D. e (soil)=evaporation from surface, t (root)= root water uptake 
 
3.13.1 Water flow simulation and its governing equations 
 
Water flow through the unsaturated porous medium is highly variable and is controlled by a 
number of soil physical properties, such as texture and pore configuration. Antecedent moisture 
conditions in the soil also play a part in controlling water movement through the medium. A 
modified form of the Richard’s Equation (3.11) is used to describe the one-dimensional water 
movement in porous media. An assumption is made that the air phase is insignificant in the water 










+ cos 𝛼)] − 𝑆        (3.11) 
Where 
h   -   Water pressure head (L) 





t    -   Time (T) 
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x   -   Spatial coordinate (L) 







α   -   angle between flow direction and axis (vertical) 
K   -   Unsaturated hydraulic conductivity function (LT
-1
) which is given by the following         
equation: 
𝐾(ℎ, 𝑥) = 𝐾𝑠(𝑥)𝐾𝑟(ℎ, 𝑥)         (3.11b) 
Where: 
𝐾𝑟    -    Relative hydraulic conductivity (-) 




3.13.2    Simulation period  
 
The modelling period was from the 3
rd
 of October 2012 to the 30
th
 of April 2013 (wet season), 
giving it a total of 210 days. The model was run in hourly time steps, therefore, there were a total 
of 5 040 hours and the print times (model output) were after every 24 hours, giving 210 print 
times. 
 
3.13.3    Location, domain set-up and boundary conditions 
 
The domain set-up was for each catena element. The domain was designed according to depths 
that were measured during the soil surveys and material distribution from soil textural classes for 
each element. At the surface, the atmospheric boundary condition with surface runoff was used 
and a free drainage boundary at the bottom. The iteration criterion was set (Figure 3.18). Initial 
conditions for the run were set in pressure heads, according to the observed values from the soil 
moisture sensors. From the data, it was shown that the soils got very dry before the beginning of 
the rainy season, therefore, a CPH of -15 000 mm was used as the minimum. At the granite site, 
upslope contributions as surface runoff were added to the precipitation on the adjacent 




Figure 3.18 Iteration criteria on HYDRUS 1D 
 
3.13.4 The Residual and Saturated Soil Water Content 
 
HYDRUS-1D default values for 𝜃𝑟 (residual soil water content) and 𝜃𝑠 (saturated soil water 
content) were set for the different soil textures. The α (parameter in the soil water retention 
function) and n (exponent in the soil water retention function) values were obtained using RETC, 
which is a computer program that can be used to describe the hydraulic properties of unsaturated 
soils. Several models can be fitted to the observed hydraulic conductivity and water retention 
data. Using our measured Kunsat data, the accompanying RETC program (van Genuchten et al., 
1991) was used to fit α and n values. 
 
Precipitation measured onsite from the rain gauge at the weather station was used as a driving 
input parameter at the atmosphere boundary layer along with the derived aET derived from the 
SEBAL Penman-Montieth disaggregation. Initial conditions ascribed to the model domain were 





3.14 Actual Evapotranspiration from Satellite Imagery 
 
Actual ET data was acquired from available SEBAL (Surface Energy Balance Algorithm for 
Land) satellite imagery (rasters). SEBAL computes the energy balance and radiation, together 
with resistance for water vapor flux and heat for each pixel, based on infrared reflectance 
(Tasumi et al., 2003). The actual evapotranspiration was determined, using residuals from the 
surface energy budget equation (Farah, 2001): 
 
λ𝐸𝑇 = Rn–  G –  H          (3.12) 
Where: 
λ𝐸𝑇    -    Flux for latent heat of vaporisation (W/m2) 
𝑅𝑛        -    Flux for net radiation at the surface (W/m
2) 
𝐺          -    Soil heat flux (W/m2) 
𝐻         -    Sensible heat flux (W/m2)  
 
The evapotranspiration data was used as an input parameter to run the HYDRUS model for 
catena element water balances. All water fluxes were in millimeters per hour, therefore, the 
SEBAL data, which was at a weekly time interval, had to be disaggregated to hourly time steps. 
 
The SEBAL data set was obtained at a 30 m pixel resolution, courtesy of eLeaf via the Inkomati 
Catchment Management Agency. Google Earth (GE) was used to create boundaries (polygons) 
of catena elements, using the distinct vegetation guilds visible from the GE imagery of the 
hillslopes (Figure 3.19a). Using Arc Map, the rasters were then clipped (Figure 3.19b). The data 
from the clipped rasters was then aggregated to get weekly values per catena element. The crest 
and midslope rasters on the basalt supersite were combined and treated as one interfluve on the 





Figure 3.19 (a) Boundaries of catena elements demarcated on Google Earth (b) example of 
 SEBAL actual ET for the sub-catchments on the Southern Granite Supersite. 
 
In order to use the SEBAL data as an input, the weekly values were disaggregated to hourly time 







 ×   𝑇𝑜𝑡𝑎𝑙 𝑎𝐸𝑇 (𝑤𝑒𝑒𝑘)          (3.13) 
Where: 
 𝑎𝐸𝑇    -    Actual ET 
 𝑝𝐸𝑇    -    Potential ET. 
 
3.14.1     Partition of evapotranspiration into soil and vegetation root components 
 
The model runs with evaporation and transpiration as separate entities, therefore, the actual 
evapotranspiration was partitioned into two components. In order to achieve this, a simple 








         (3.14) 
Where: 
t    -     Time (days) 
𝜆     -     Site-specific crop factor  
To partition the evapotranspiration, (ft) is then used as follows: 
𝑝𝑇 = 𝑝 𝐸𝑇𝑂𝑓𝑡         (3.14) 
And  
𝑝 𝐸𝑠𝑜𝑖𝑙 = 𝑝 𝐸𝑇𝑂 − 𝑝 𝑇         (3.15) 
A value of 𝜆=1 means 5% of 𝑝 𝐸𝑇
𝑂
 will be for evaporation from the soil. When 𝜆 is greater than 
one, evaporation from the soil becomes zero. 
 
3.15 Model Validation (Sensitivity Analysis) 
 
There are many ways to perform sensitivity analysis which include differential analysis, 
sensitivity index, subjective analysis and one time sensitivity measures. The one time sensitivity 
measure was used to test for sensitivity in model parameters for HYDRUS 1D which was used to 
simulate flow and quantify fluxes in this study. According to Hamby (1994), different values are 
used repeatedly for one parameter whilst all the others are fixed when using one at a time 
sensitivity analysis. The parameters tested include rainfall, soil properties and 
evapotranspiration. The choice for these three was based on the fact that the model was being 
used for quantification of fluxes and water balances. Soil properties, rainfall and ET are known 
to affect hydrological responses in a system. A 50% increase and decrease in rainfall and ET was 
tested. A relative increase (>80 mm) and decrease (<10 mm) in soil hydraulic properties (Ksat) 
was also tested. The percent change in model output from original is then calculated using the 
following equation: 
 
𝐶ℎ𝑎𝑛𝑔𝑒 𝑓𝑟𝑜𝑚 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 (%) =
𝑂𝑢𝑡𝑝𝑢𝑡 𝑣𝑎𝑙𝑢𝑒 𝑎𝑓𝑡𝑒𝑟 𝑐ℎ𝑎𝑛𝑔𝑒−𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡 𝑣𝑎𝑙𝑢𝑒
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡 𝑣𝑎𝑙𝑢𝑒
∗ 100  (3.16) 
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The total percent change was calculated by adding all percent output variables of the water 
balance (all as positive values to get total percentage change) using the following equation.  
 
𝑇𝑜𝑡𝑎𝑙 (%)𝑐ℎ𝑎𝑛𝑔𝑒 = %∆𝐹𝐷 + %∆𝑅 + %∆𝐸𝑇 + %∆𝑆 + %∆𝑃    (3.17) 
 
When calculating the total percent change, if it was for ET, then the change in ET was omitted 
since it was the value that has been manipulated and the same applies for the calculation of the 
other parameters under analysis. The difference between the maximum and minimum values of 
the total change was then calculated to see which parameter the model was most sensitive to. 
 
 Summary 
Revisiting the objectives to show how the above-mentioned methods and characterization 
techniques will be used to achieve them. 
 
 To observe and characterize mechanisms of flow in (subsurface) and along hillslopes; 
 To classify soils hydropedologically for conceptualization of hydrological processes; and 
 To quantify catena element water budgets and to compare results at the different scales. 
 
Mechanisms of flow in and along the hillslopes were determined, using hydrometry 
(Watermarks
TM
) and time series geophysical analysis. Soil classification was conducted, using 
the taxonomical classification and hydropedological classification. The former helps in the 
identification of diagnostic horizons, whilst the latter helps in the identification of the 
hydrological responses of different soil types. The hydropedological classification was used as a 
basis for process conceptualization and output data from HYDRUS 1D model was used for the 
calculation of catena element water budgets.  
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The results presented in this chapter pertain to both the southern granites and southern basalt 
supersites and cover the characterization of hillslope processes at the two sites (refer to roadmap 
in Figure 4.1 below).  
 
 
Figure 4.1 The characterization chapter roadmap  
 




 order hillslope 
 
Results for soil texture, Kunsat and Ksat measured on the 1
st
 order hillslope are represented on 
Figure (4.2 a, c and d) respectively. Ksat measurements were replicated (Figures 9.9-9.11). This 
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hillslope comprises crest soils with high Kunsat at low pressure head (34 mm/hr at φ=5 mm) on 
the surface compared to the lower slopes (midslope and riparian catena elements). This element 
comprises sandy loams (Figure 4.2a) therefore, high Kunsat was anticipated. The midslope and 
riparian catena elements show low Kunsat on the surface especially at high pressure heads (0.4 
mm/hr and 0.7 mm/hr at φ =120 mm, respectively). This was attributed to the clay loams 
encountered at both these catena elements (Figure 4.2a). Clay particles are washed downslope 
through colluviation, hence the low Kunsat measurements on these catena elements. The crest 
element also has high Ksat compared to the catena elements down slope (Figure 4.2d). The 
midslope has the lowest Ksat on this hillslope (0.89 mm/hr), due to the clay loams encountered on 




 order crest was classified as a Cartref soil form (Table 4.1). The presence of an illuviated 
E horizon over a lithocutanic B horizon in this soil form implies the possibility of a perched 
water table forming (van Tol, 2008). This was supported by the low Ksat on the B horizon (28 
mm/hr) underlying the E horizon on this element (Figure 4.2d). This implied interflow at the 
AE/B interface. Therefore, lateral contributions to downslope elements are expected and thus 
potential hydrological connectivity through lateral subsurface flow between the crest and the 
midslope.  
The midslope and riparian catena elements are classified as a Bonheim soil forms (Table 4.1) and 
they both show low Ksat (0.9 mm/hr – 3.9mm/hr) on the B and C horizons. They both have the 
same hydrological soil type (interflow soils), based on hydropedological field surveys (this does 
not necessarily mean all Bonheim soils are interflow soils). The presence of interflow soils from 
the crest down to the riparian zone implies potential connectivity between catena elements 
through subsurface lateral flow. Potential connectivity was therefore, anticipated between the 









Table 4.1 Soil classification per catena element on granite 1
st















Orthic A 0-250  
Interflow E 250-500 





Melanic A 0-200  






Melanic A 0-200  




Figure 4.2 (a) Soil texture triangle (b) site map (c) Kunsat at soil surface (d) Ksat per soil 









 order hillslope shows high Kunsat at the crest at low capillary pressure head (41 mm/hr at 
φ =5 mm) on the surface (Figure 4.3c). Sandy loams were characteristic of this catena element 
(Figure 4.3a). Although values were low, the crest also showed high Ksat down the profile 
compared to the midslope catena element (Figure 4.3d). The crest of the 2
nd
 order comprised a 
Pinedene soil form (Table 4.2). The Ksat data (Figure 4.3d) for the crest showed that the B 
horizon had a higher Ksat than the underlying unspecified horizon (with signs of wetness). Since 
Ksat was lower at the unspecified horizon this implied restricted flow on that horizon hence, 
interflow in the overlying A and B horizons was anticipated. 
 
The midslope catena element showed the lowest Kunsat (0.02 mm/hr at φ =5 mm) compared to 
other catena elements. The 2
nd
 replicate for the midslope showed values more or less similar to 
those for the crest element. This large variation in Kunsat at the midslope was likely to be 
evidence of soil heterogeneity in the form of macro-porosity and soil pipes. Meanwhile, Ksat in 
the subsurface on this catena element was low especially at the C horizon (2.5 mm/hr). This 
meant that flow was generally restricted in this region. This 2
nd
 order midslope comprised a 
duplex Sterkspruit soil form (Table 4.2) where clays particles are washed downslope through 
colluviation from the crest and accumulate at the midslope. Thus when water is moving from the 
crest downslope, a seepline develops between the crest and midslope, due to textural 
discontinuities when the water infiltrates and get to the clay layer. Interflow and/or overland flow 
was anticipated on this soil form, since the prismacutanic B horizon (clay variant) limits water 
movement. This means during rainfall events there is interflow at the A/B interface and/or 
infiltration excess flow (shallow responsive) at the soil surface, depending on rainfall amount. 
Since lateral contributions are expected from the crest, this implies potential hydrological 
connectivity through to the riparian zone.  
The riparian catena element at the 2
nd
 order was classified as a Cartref soil form (Table 4.2); 
interflow at the AE/B interface was therefore, anticipated. Since the Kunsat was lower than that at 
the crest element (6 mm/hr at φ =5 mm), flow was expected to be slow. Subsurface connectivity 
through lateral flow on this 2
nd




Table 4.2 Soil classification per catena element on granite 2
nd















Orthic A 0-200  










Orthic A 0-200  






Orthic A 0-50 Interflow 
E 50-200 
Lithocutanic B 200+ 
 
Figure 4.3 (a) Soil texture triangle (b) site map (c) Kunsat at soil surface (d) Ksat per soil horizon 
 on granite 2
nd










 order crest catena element (Figure 4.4c), showed high Kunsat on the surface (26 mm/hr and 
76 mm/hr at φ =5 mm). Values were expected to be low due to the clay loams close to the 
surface at this location (Figure 4.4a) Ksat on the A horizon was also expected to be lower (clay 
loams), then high in the B horizon where there are sandy loams. Nevertheless, interflow was 
expected on this catena element since Ksat in the A horizon was higher than the underlying 
horizons which was also expected for a Pinedene soil form characteristic of this catena element. 




 order midslope (Figure 4.4c) showed low Kunsat especially at low pressure heads (0.14 
mm/hr - 1.7 mm/hr at φ =5 mm). This was also the case with the Ksat data (Figure 4.4d) where it 
had the lowest conductivity on the whole hillslope (0.7 mm/hr - 0.9 mm/hr), attributed to the clay 
loams (Figure 4.4a). Since there was not much variation in the very low Ksat values this would be 
a potential responsive soil. Similar to the 2
nd
 order, a seepline was also anticipated to develop 
between the crest and midslope due to textural discontinuities.  
 
The riparian catena element soils showed intermediate Kunsat and Ksat compared to the crest and 
midslope catena element soils (Figure 4.4c and 4.4d, respectively). Ksat data for this element was 
showing a decrease with depth. This means rate of water movement was high in the A horizon 
but gradually decreasing with an increase in depth augmenting the hydropedological 
classification (Table 4.3) of slow potential recharge (Figure 4.4a). 
 
Similar to the 2
nd
 order hillslope, hydrological connectivity between catena elements on this 
hillslope could be highly temporal and intensity-driven. Since there was a potential recharge soil 
at the riparian zone, this hillslope was expected to be disconnected from the adjacent 3
rd
 order 







Table 4.3 Soil classification per catena element on granite 3
rd















Orthic A 0-250  










Orthic A 0-100  






Melanic A 0-300  
Slow Recharge Pedocutanic B 300-500 
Unspecified 500+ 
 
Figure 4.4 (a) Soil texture triangle (b) site map (c) Kunsat at soil surface (d) Ksat per soil  
   horizon on granite 3
rd
 order hillslope 
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4.2 Subsurface Soil Moisture Dynamics on Southern Granite Supersite 
 
From the graphs presented in this section, the blue, red and green lines represent the shallow, 
intermediate and deepest soils, respectively. From the data presented, the higher the matric 
potential (>1 000 mm), the drier the soil and vice versa. The figures also display the ranked 
percentage exceedence curves (%ED) derived from the soil moisture data (Watermarks
TM
). This 
allows the determination of the proportional amount of time each profile maintains a certain level 
of saturation, in this case during the wetter part of the hydrological season (September 2012 – 
April 2013). This was crucial for determination of sites that are relatively drier or wetter than 








 order crest profile responded to all the rainfall events (Figure 4.5). Responses in all 
horizons show a more or less similar trend throughout the season showing fewer differences in 
wetting and drying cycles. The profile was below DUL (<1 000 mm) as a result of most of the 
rainfall events, although the % ED data showed that these soils were dry (>1 000 mm) for more 
than 60% of the time. Important to note is that there was no sensor in the C horizon. These quick 
responses shown at this catena element implied vertical subsurface flow but hydropedology and 
Ksat data show some flow restriction in the C horizon, therefore, interflow was anticipated.  
 
The midslope profile responded to the first rains (September 2012). The deep soil layers (depth= 
450 mm) and the shallow soils (100 mm) showed a quicker drying cycle. The intermediate layer 
(depth= 300 mm) dried out last for most of the events and this was due to the presence of fine 
textured soils (Figure 4.2a).The shallow soils dried out for the greater part of November and 
March probably due to a high evaporative demand from the soil surface during those periods 
whilst the other soil layers retained some moisture. % ED shows that for about 50% of the time, 
this profile remained relatively below DUL (at <1 000 mm). From field observations, whilst 
these data are suggesting moisture storage for approximately 50% of the time on the crest and 
midslope, the absence of ponded conditions suggested subsurface flow. These responses 
therefore, showed that it was quick interflow and this supported the hydropedological 
classification (Table 4.1) for this hillslope. 
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The riparian catena element on this first order hillslope showed a response to the early rains from 
the shallow and intermediate soils (rapid wetting cycle) whilst the deeper soil layers in the C 
horizon (depth=1 000 mm) showed a lag of two months then finally responded at the beginning 
of December season. This was due to either soils having low hydraulic conductivity deep in the 
profile, which is evident on Figure (4.2d) and/or the water being lost to ET before it could 
percolate deep into the profile. Overall, the riparian catena element retained moisture (<1 000 
mm) for about 40% of the entire season mostly in the shallow and intermediate layers whilst the 
deep layers were relatively dry (>1 000 mm) for the greater part of the season. This therefore, 


















 order hillslope (Figure 4.6), between September 2012 and April 2013 showed that the 
shallow soils (depth=100 mm on A horizon) had quicker drying cycles compared to the B-
horizon soils (depth= 250 mm on B horizon). They both seemed to follow a similar wetting and 
drying pattern only that the intermediate soils showed a slight lag when drying. Since this was a 
Pinedene soil form, interflow was still anticipated between the B horizon and the unspecified 
(with signs of wetness) region. Although this crest had quick wetting and drying cycles, %ED 
showed that this was generally a dry area showing high potentials (>1 000 mm) for the greater 
part of the season.  
 
The midslope showed a quick full profile response to the first rainfall events with soils getting 
below DUL (<1 000 mm). Whilst the shallow and intermediate soils dried out, the deeper soil 
retained moisture for the greater part of the wet season (Taking note that the first two sensors are 
in the diagnostic orthic A-horizon of the duplex Sterkspruit form). The B horizon was a 
prismacutanic horizon (clay variant); it was therefore, characterized by soils with low hydraulic 
conductivity (Figure 4.3d). The clay particles in that horizon helped to retain moisture, hence the 
low potentials. Potential movement of water on this catena element was interflow (A/B interface) 
but infiltration excess flow was anticipated during high intensity rainfall events (i.e some of the 
October 2012 and January 2013 events). This was generally a dry region (>1 000 mm) as 
illustrated by the %ED data which showed the intermediate and deeper soils getting below DUL 
(<1 000 mm) only about 35-40% of the time.  
 
The riparian zone soils also showed a full profile response to the first rains (sensors only in A 
and B horizon). The intermediate sensor (depth=250 mm) was faulty at some point so the data 
was not consistent but nevertheless it showed that the soils were responding to some but not all 
of the events. The intermediate soil layers showed a slow drying cycle compared to the overlying 
soils. Since there was a Catrtref soil form at this element (Table 4.2), the E horizon was an 
indication of a potential perched water table therefore, some flow restriction in the underlying 
lithocutanic B horizon, hence the low potential on the intermediate soils for a considerable 
amount of time (Figure 4.6). %ED data shows that this was a relatively dry area (values > 1 000 
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mm) suggesting temporal or no connectivity with upslope catena elements through lateral or 
overland flow. Due to the impeding layer (B horizon), infiltration excess was anticipated during 
high intensity rainfall events. 
 
 









 order hillslope 
 
The 3rd order crest (Figure 4.7) showed low potentials for both shallow and intermediate soils 
but showed quick wetting-drying cycles for most of the rainfall events similar to crest soils in the 
lower orders (the deepest sensor at 350 mm was faulty therefore, data was omitted). The shallow 
and intermediate soils got below DUL for most of the events (<1 000 mm). Water was retained 
~40% of the time which was a contribution mainly from the large January-February rains. 
Depending on the amount and intensity of rainfall received, contributions to the lower slopes 
were anticipated since these are interflow soils due to flow restriction in the unspecified region 
of the Pinedene soil form. 
 
The 3rd order upper midslope (Figure 4.7) showed relatively low potentials for the shallow soils 
and intermediate soils whilst the deeper layers (depth=>300 mm) showed a lag of more than one 
month before they responded to rainfall events. They only get below DUL in response to the 
January event and at the beginning of March but for more than 90% of the time, they remained 
relatively dry (> 1 000 mm). Important to note is that even after the exceptional event in January 
2013 a piezometer at this location remained dry. This suggested absence or limited subsurface 
flow therefore, infiltration excess (shallow responsive) was anticipated during exceptional events 
and this is typical of duplex soils characteristic of this catena element. Importantly, this catena 
element showed a reasonably prolonged saturation of shallow and intermediate soils (~50%). 
Hydrologically, this catena element was disconnected from the downslope elements and 
connectivity was expected to be temporal following high intensity rainfall events (e.g. some of 
the October 2012 and January 2013 events) through infiltration excess flow. 
 
The lower midslope (Figure 4.7) showed a full profile response to the early rains (September 
2012). The shallow soils had a quick drying cycle compared to soils in the underlying horizons. 
Similar to the upper midslope, due to the presence of duplex soils, water retention was expected 
to be high in the underlying horizons where there were finer soil particles. On this catena 
element is how the intermediate soils (depth=300 mm) retained moisture for the greater part of 
the season whilst the deep and shallow soils dried out. A possible interpretation is that the soils 
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are in a region less affected by both evaporation from the soil surface and transpiration from the 
deep root zone. Since the upper midslope catena element was showing a disconnection with this 
lower midslope, this meant water retained on this site was probably due to direct infiltration or to 
a lesser extent, contributions through overland flow from upslope catena elements after high 
intensity events. 
 
The riparian zone (Figure 4.7) showed full profile responses to most rainfall events for the 
greater part of the season. The responses showed more or less similar wetting and drying cycles. 
The rapid drying cycles were an indication of high evapotranspiration and/or free drainage. %ED 
data was similar for the full profile implying a well-drained profile but a relatively dry one (>1 
000 mm) for more than 90% of the time. This catena element may be connected to the lower 
midslope element but these data suggests a disconnection from the adjacent 3
rd
 order stream 












4.3 Soil Water Potential (Lab Results) 
 
Soil samples from the 3
rd
 order hillslopes from both sites were collected and their water potential 
was measured. According Buckingham (1907), water movement in the soil is driven by gradients 
in soil water potential. From the results obtained (Figure 4.8) soil water is able to move freely in 
granite soils compared to the basalts where it is held more tightly in the soil hence the smaller 
potential to move freely especially at low water contents. This therefore, suggests high water 




Figure 4.8 A comparison of water potential against water content between the 3
rd
 order 
  hillslopes 
 




 order hillslope ERT 
 
The pseudosections presented show results from the time series analysis conducted during the 
2013 wet season. The 2011 dry season surveys (Riddell et al., 2011) are presented for 
comparison purposes. The 1
st
 order hillslope (Figure 4.9) shows very high resistivity values 
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(Figure 4.9a Ω~641) at the crest implying the presence of a shallow rock between the crest and 
the midslope, thereby resulting in shallow soils on the crest. On the 2011 pseudosection (at 64m) 
shows some low values possibly moisture and or lower porosity material (4.9b). On the 2013 
January (4.9c) and March (4.9d) results suggest water percolating to deeper horizons after some 
high intensity rainfall events in January 2013. In March 2013, it shows that this water had 
percolated all the way down into the profile implying slow matrix flow in this region 
(comparison of Figure 4.9c and d), due to reduction in resistivity. This interpretation was also 
supported by the soil moisture data which shows the deeper soils in the horizon retaining some 
moisture for longer periods during the same period (Figure 4.5) at the riparian zone. 
 
 
Figure 4.9 Time series ERT for granite 1
st









 order hillslope (Figure 4.10) showed possible geological controls (Ω~1800) on both the 
crest and the valley bottom extending to the stream bed (Figure 4.10e and f). It also showed that 
the low resistivity values were not extending deeper into the profile so the water here was 
probably flowing laterally and or as surface runoff.  
 
A comparison of the February and March survey showed no clear evidence of deep percolation 
or matrix flow into deeper layers therefore, this implied that water on this hillslope was lost 
through evapotranspiration and limited drainage out of the system as free drainage.  
 
From the hydropedological classification, this hillslope’s hydrological processes are mainly 
controlled by the underlying rock shown below (Figure 4.10f). Lateral flow (whole catena) and 
infiltration excess (midslope and riparian) was therefore, anticipated and the development of 





Figure 4.10 Time series ERT for granite 2
nd








 order hillslope had high resistivity values (Ω~5400) at the crest (Figure 4.11h). This high 
resistant material implied shallow rock and hence shallow soils with low storage. At the 
midslope (Figure 4.11g) on all the pseudosections it showed low resistivity values (Ω<641) 
which might be the presence of fine textured material on the midslope and/or moisture. The 
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February results showed a wet profile compared to the March results implying no matrix flow or 
deep percolation but rather water lost either to evaporation and/or transpiration.  
 
 
Figure 4.11 Time series ERT for granite 3
rd
 order hillslope 
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4.5 Hydropedological Hillslope Interpretations on Southern Granite Supersite 
 
Conceptual models of hillslope processes were developed to show soil moisture distribution 
patterns and water flow paths on the hillslope based on the hydrological soil types (Figure 4.12) 
of the three catena elements on each hillslope. This conceptualization, utilizing van Tol et al. 








 order hillslope conceptual model 
 
Hillslope Class 6: Quick Interflow 
 
 
Figure 4.13 Hydrological soil types and conceptual flow paths for granite 1
st
 order hillslope 
 
This hillslope was characterized by quick interflow soils (Figure 4.13). The majority of soils on 
the catena elements that make up this hillslope showed indications of lateral flow at the A/B 
interface i.e. at the crest, the absence of ponding water suggested infiltration of water into the 
subsurface but flow was restricted in the lithocutanic B horizon underlain by an E horizon (Table 
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4.1) therefore, resulting in interflow at the A/B interface. As this water moved downslope into 
the midslope, it continued to flow laterally but as deep interflow. Judging from field 
observations, the riparian zone soils sometimes become responsive due to infiltration excess 
from direct precipitation but only after exceptional events. According the van Tol et al (2013), 
the rate of lateral flow mainly depends on the gradient of the slope and this means therefore; this 
1
st




 order hillslopes since it had a 
steeper slope than the higher orders. There was a high probability of lateral subsurface 





 order hillslope conceptual model 
 
Hillslope Class 2: Shallow responsive  
 
Perceptual flow paths of the 2
nd
 order hillslope are represented on Figure (4.14). There was deep 
interflow at the crest and a seepline between the crest and the midslope due to textural 
discontinuities (Pinedene soil form at the crest and Sterkspruit form characterized by duplex soils 
at the midslope). Some of the water continued to flow laterally into the midslope. The 
prismacutacic B horizon (clay variant) at this catena element impeded the vertical subsurface 
flow of water, thereby resulting in overland flow and some possibility of lateral flow. According 
van Tol et al. (2013), in drier climates characteristic of savannas, gypsum, lime and salt 
precipitates maybe washed downslope and the impermeable underlying rock in the riparian zone 
promotes limited contributions to the stream because of ET. Contributions to the stream may 
have been from infiltration excess only after high intensity and or exceptional events. In terms of 
storage, this hillslope was expected to have limited storage due to the presence of impeding 
layers and low conducting material mostly in the B horizons of the catena elements; hence water 





Figure 4.14 Hydrological soil types and flow paths for granite 2
nd
 order hillslope 
 
4.5.3 3rd order hillslope conceptual model 
 




 order hillslope (Figure 4.15) was dominated by shallow responsive soils. This hillslope 
had a large highly developed grassy midslope that comprises a duplex Sterkspruit soil form on 
both the upper and the lower midslope. This therefore, implied responsive soils at this catena 
element. Meanwhile, lateral contributions from the crest resulted in the development of a 
seepline due to discontinuities in soil texture between the crest and the midslope. On the other 
hand, the riparian zone had a potential recharge soil therefore, whilst there might have been 
temporal connectivity through overland flow, the free draining soils at this element disconnected 
this hillslope from the adjacent 3
rd
 order stream network. In terms of storage, this hillslope was 
expected to also have less storage because the crest and midslope had shallow soils due to 
underlying shallow rocks. The riparian zone had deep soils, hence more storage was anticipated 
but due to its free draining natural water loss was anticipated through ET and free drainage.  
 
 
Figure 4.15 Hydrological soil types and flow paths for granite 3
rd




4.6 Southern Basalt Characterization Results 
 
Characterization at the southern basalt supersite was conducted through Kunsat measurements and 
soil classification. Kunsat was measured at the surface at each catena element close to the soil 
water monitoring stations. Due to time and logistical constraints, Ksat measurements and time 




 order hillslope 
 
High Kunsat (12 mm at φ =5 mm) was shown at the crest on this 1
st
 order hillslope (Figure 4.16). 
Values decreased moving downslope with the riparian zone having the least (0.4 mm at φ =5 
mm). This was attributed to the presence of more clay particles on the riparian catena element 
that had been gradually washed downslope over the years possibly through wind or water and 
possibility with some contributions from river alluvium. The whole hillslope was characterized 
by Shortlands soil form (Table 4.4) and the red structured B horizon characteristic of this soil 
form was a potential recharge soil (le Roux et al., 2013). This therefore, suggested the possibility 
of an absence of lateral flows on the entire hillslope implying a hydrological disconnection 
between catena elements and also between the entire hillslope and the adjacent stream network. 
 
Table 4.4 Soil classification per catena element on basalt 1
st















Orthic A 0-200  






Orthic A 0-200  






Orthic A 0-200 Recharge 





Figure 4.16 Unsaturated hydraulic conductivity of the A-horizon on 1
st




 order hillslope 
 
Measured Kunsat on the 2
nd
 order hillslope (Figure 4.17) showed the riparian zone to have the 
highest conductivity at lower capillary pressure head and vice versa (37 mm/hr at φ =5 mm). 
This suggested high clay content since clay soils sometimes tend to have high Kunsat at low 
pressure heads (Artiola et al., 2004).This also depends on the bulk density of the soil. The crest 
showed low Kunsat at low capillary pressure head compared to the midslope and riparian zones. 
Hydropedological classification showed variability in the distribution of soils on this hillslope 
(Table 4.5). Due to the lack of any morphological indication of saturation within the diagnostic 
horizons throughout soil profiles, all the catena elements at this hillslope were classified as 
potential recharge soils implying no hydrological connectivity between elements and also 






Table 4.5 Soil classification per catena element on basalt 2
nd















Orthic A 0-200  






Melanic A 0-250  






Orthic A 0-200  













 order hillslope 
 
Results for the 3
rd
 order hillslope (Figure 4.18) showed soils with low Kunsat at both low and high 
pressure heads on the crest (0.4 mm/hr – 0.7 mm/hr) whilst on the contrary; the riparian zone 
showed high conductivity at both low and high pressure heads. Kunsat was expected to be low at 
the riparian zone due to clays being washed downslope and/or contributions through river 
alluvium but due to the low gradient topography on this site, it probably meant there were still 
more clays at the crest than at the riparian zone. Hydropedological classification on this hillslope 
showed the Mispah soil forms (Table 4.6) which are typically responsive soils due to shallow 





 order hillslopes, this 3
rd
 order shows no connectivity between catena elements or the adjacent 
stream. 
 
Table 4.6 oil classification per catena element on basalt 3
rd















Orthic A  0-300  






Orthic A 0-250  






Orthic A 0-250  






Figure 4.18 Unsaturated hydraulic conductivity of the A-horizon on 3
rd
 order hillslope 
 
In conclusion, the basalt hillslopes have all shown an absence of hydrological connectivity 
between catena elements on each hillslope, as well as between the hillslopes and their adjacent 
stream networks. Soil depth on these hillslopes decreased with an increase in hillslope orders 
therefore, the 1
st
 order hillslopes had deeper soils, hence more storage was anticipated whilst the 
3
rd
 order hillslopes have the shallowest depths. There was a possibility of colluvial processes 
acting in the low order hillslopes compared to the higher orders as shown by low Kunsat at the 
riparian regions of the low order hillslopes 
 







Soil moisture responses on the 1
st
 order hillslope (Figure 4.19), showed low soil water matric 
potential for shallow soils on the crest in response to the first rainfall events (September 2012). 
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The B-horizon  soils showed a lag of about two weeks after the first rains whilst the deeper soil 
layers had a 6 week lag only to respond mid October which was when some exceptional high 
intensity rainfall events occurred. The deep soils responded to high intensity events only (i.e 
some of the October 2012 and January 2013 events). Since these were Shortlands soils, the red 
structured B horizon was a potential recharge soil implying free draining soils. Since the deeper 
soils did not respond to most of the events this suggested a high ET demand therefore, moisture 
was being taken up by plant roots and evaporation from the soil surface before percolating deep 
into the profile. This catena element was generally a dry area as illustrated by the % ED data 
which showed that they were dry (>1 000 mm) for more than 80 % of the time. 
 
The midslope also followed a similar pattern to the crest where the shallow soils responded to 
the first rainfall event and the intermediate soils responded after a two week lag. They did not 
saturate but remained relatively dry (>1 000 mm) for ~85% of the time. The deeper layers 
showed no response to the first 18 weeks of the wet season only responded to the high intensity 
event in mid January 2013 before drying up. This supported the presence of interflow from the 
hydropedological classification. This midslope was drier than the crest as illustrated by the %ED 
curves showing they were dry for almost 90% of the time. 
 
Data for the 1
st













 order hillslope 
 
The data presented for the 2
nd
 order hillslope (Figure 4.20) is for the crest and riparian catena 
elements, no data will be presented for the midslope since sensors were pulled out by wild 
animals. At the crest, shallow and intermediate soils showed low matric potential in response to 
the first September rains then the deeper layers responded after a two week lag. Unfortunately 
the deepest sensor was pulled out just after the January events therefore, only data from 
September to January is presented for the deep soils at this element. The shallow and 
intermediate soils showed more or less similar wetting and drying cycles. Soils got below DUL 
(<1 000 mm) for almost 40% of the time as illustrated by the %ED curves. Soils here were 
classified as recharge and these data suggest that water does not easily infiltrate to deeper layers 
due to root water uptake and evaporation from the surface. 
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The riparian zone showed low potentials for both shallow and intermediate soils in response to 
the early September rains whilst the deep soils showed a 6 week lag to the rains only to respond 
to the October high intensity events. The deeper soils only responded to high intensity events 
((i.e some of the October 2012 and January 2013 events)) but %ED curves showed that this 
element was dry for more than 65% of the time. The similar wetting and dying cycles of the 
shallow soils implied some vertical subsurface flow (potential recharge) augmenting the 
hydropedological classification (Table 4.5) but the lag in response by the deep soils suggested 
water loss through ET therefore, water would not percolate deep into the profile. Since the 
riparian soils are described as potential recharge, this means they were largely disconnected from 
the stream network. 
 
 
Figure 4.20 Soil moisture responses and percentage exceedence curves for 2
nd







 order hillslope 
 
Sensors on this 3
rd
 order hillslope were installed a month later after the onset of rains so data 
presented here is from October to April. The crest (Figure 4.21), showed quicker responses from 
the shallow and intermediate soils after the first rains then the deep soil layers (depth=490 mm) 
responded after a week’s lag. The whole profile started drying out and the first two horizons 
responded to some of the events again (December) but deeper soils remained dry only to respond 
to the January events. This showed that the deep soil layers were only responding to high 
intensity events which could be attributed to a high rate of evapotranspiration where water was 
lost to the atmosphere before it percolated deep into the soil. This catena element was generally a 
dry area as illustrated by %ED curves showing only the intermediate soils retaining moisture for 
about 40% of the time whilst the other layers were relatively dry (>1 000 mm). These responses 
showed free drainage in the shallow and intermediate soils but since deep soils were showing 
infrequent responses this meant water was lost through ET, thereby implying a disconnection of 
this element to downslope elements on this hillslope. 
 
Low matric potential was shown for the midslope shallow soils in response to the early rains and 
intermediate soils responded a few days after then they all showed a similar trend of responses 
until mid-November, the intermediate sensor then became faulty. Nonetheless, it showed that the 
soils in this region responded to some of the events but not all compared to the shallow soil 
responses which were also able to maintain moisture for almost 40% of the time as illustrated by 
%ED curves. If the shallow soils were able to retain moisture for almost 40% of the time, this 
means, there was a possibility of water retention in the deep horizons once water percolated from 
the upper horizon. Low soil water potentials were shown for the full profile at the riparian zone 
in response to the high intensity October rainfall events. The wetting and drying cycles for this 
catena element were similar throughout the season except on a few occasions in December and 
October where shallow soils got very below DUL (<500 mm). This catena element was 
therefore, able to retain moisture for longer periods (more than 50% of the time) as illustrated by 
the %ED curves. These responses augmented the Kunsat data that was presented earlier (Figure 










In conclusion, the basalt hillslopes are characterized by recharge soils (potential) but from the 
majority of responses shown, most of the water does not percolate into the deeper layers of the 
soil profiles. This has been attributed to water lost through ET before percolating to these deep 
layers. This shows that these soils require a certain threshold in the amount and intensity of 
rainfall received so that they can be replenished after the dry winter seasons. The absence or 
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limited possibility of lateral subsurface flow in these soils due to low gradient topography 
suggests a hydrological disconnection of the catena elements from one another. 
 
4.8 Conceptual Models Derived from Hydropedological Interpretations on Southern








 order basalt hillslopes comprises different soil forms including Mispah, Mayo 
and Shortands, respectively (Tables 4.4, 4.5 and 4.6). From the soil surveys, the majority of the 
profiles had no morphological indications of saturation therefore all the soils were classified as 
potential recharge soils (Figure 4.22). Due to the low gradient topography on these sites (Colgan 
et al., 2012), this term only refers to the vertical subsurface movement of water but not 
necessarily recharging to groundwater and since the water had a limited possibility of flowing 
laterally, it was therefore, lost through evapotranspiration. Overland flow was only anticipated 
after exceptionally large events and this was the only time when the possibility of hydrological 
connectivity between catena elements on the hillslopes was anticipated. 
 
 






 order hillslopes 
 
In this chapter, the aim of the research to define and characterize the differences in hydrological 
responses at different scales and parent material was achieved through conductivity 
characterization data, water potential, ERT and hydropedology. Processes such as hydrological 
connectivity are shown to be scale-dependent and highly driven by rainfall intensity.  
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5.0 QUANTIFICATION RESULTS AND DISCUSSION 
 







 order hillslopes) and the basalt 3
rd
 order hillslope catena elements. This 
improved the understanding of characterized processes at the two sites. Actual ET was modelled 
using SEBAL between 01 October 2012 and 30 April 2013 (refer to chapter 3 sub-section 3.14 
for more information). Results will be presented as shown on the roadmap (Figure 5.1). 
 
 
Figure 5.1 Roadmap for results presentation 
 
5.1 Rainfall Distribution on the Granite Site 
 
Rainfall on the southern granite supersite (Figure 5.2) showed much variability during the 
modelled period of October 2012 to April 2013. High intensity events were sometimes 
experienced where more than 20 mm of rainfall was received in one hour (Figure 5.2). These 
86 
 
events were experienced more frequently in January and to a lesser extent in December and 
February. The October events (intensities >6 mm/hr) also had some notable effects on 
hydrological processes as discussed in the previous chapter. Dry spells were experienced in 




Figure 5.2 SGR rainfall intensities over the modelling period 
 




 order hillslope (Figure 5.3) showed an increase in actual ETSEB from the crest moving 
downslope. There were distinct differences on water use between the three catena elements with 
highest demand at the riparian zone (809 mm) whilst the crest and midslope had 765 mm and 
784 mm, respectively. The riparian zone on this hillslope was characterized by more vegetation 
than at the crest therefore, these results were deemed realistic. At the beginning of the season 
between the 10
th
 of October and 10
th
 of November, it showed that the midslope and the riparian 
zones did not have much variation in water use compared to the crest which had low water use 
from the onset. Since the crest vegetation had broad leaved vegetation, more water was expected 





Figure 5.3 actual ETSEB per catena element for granite 1
st




 order hillslope (Figure 5.4) did not show much variation in water use between the 10
th
 of 
October and the 10
th
 of December. However, from December to the end of the dataset, the crest 
and riparian zone continued showing no great difference having 782.5 mm and 779 mm, 
respectively. Meanwhile, the midslope had a lower water use compared to the other two elements 
(755 mm). From field observations, the midslope on this hillslope was characterized by sparse 
woody vegetation compared to the crest and the riparian zone. This therefore, implied that less 
wass lost through transpiration compared to the crest and riparian zones. High potential storage 
was therefore, anticipated at this catena element since water use was minimal. 
 
 
Figure 5.4 actual ETSEB per catena element for granite 2
nd





 order hillslope (Figure 5.5), showed no notable differences in water use between catena 
elements. The crest had the highest water use (767 mm) followed by the riparian zone (765 mm) 
then the midslope (762 mm) with slight differences of 2 mm and 3 mm between them, 
respectively. Due to a large highly developed grassy area on the midslope of this catena, 
characterized by many bare patches and a very sparse woody cover, actual ET was anticipated to 
be lower than the crest and riparian zones that has a much dense woody cover. This showed that 
the evaporative demand was high at this element; therefore, more water was lost from the surface 
than through transpiration. 
 
 
Figure 5.5 actual ETSEB per catena element for granite 3
rd
 order hillslope  
 
5.3 Rainfall Distribution on the Basalt (Nhlowa) Site 
 
Similar to the rainfall distribution on the granite site, the basalt rainfall (Figure 5.6), shows much 
variability during the modelled period (October 2012- April 2013). There was a higher frequency 
of high intensity events (>10 mm/hr) on this site compared to the granite site (Figure 5.2) but 
similar to the granite site, only the October and January events were shown to have impacts on 
processes and hydrological responses at this site. A few dry spells were experienced compared to 
the granites (February and March). In terms of overall cumulative rainfall over the modelled 









 order hillslope (Figure 5.7), shows very little variation between the interfluves 
(mid-crest) and the riparian zone with a difference of only 4 mm in water use. The interfluve has 
603 mm whilst the riparian has 607 mm. For the greater part of the season (October to February), 
the interfluve show more water use but towards the end of the season (February to April), the 
riparian catena element had the greatest actual ETSEB.  
 
 
Figure 5.7 actual ETSEB per catena element for basalt 1
st






 order hillslope showed remarkable differences in water use between the interfluve and 
the riparian zone from Mid-November until April (Figure 5.8). The interfluve had 609 mm whilst 
the riparian zone had 573 mm making a difference of 36 mm. More water use was shown on the 
interfluves. When rasters were clipped for the basalt site, the crest and midslope were combined 
thereby giving more pixels. Assessing the results with respect to proportional area, the riparian 
was much smaller compared to the interfluve, thereby suggesting more water use on the riparian 
zone compared to the interfluves. 
 
 
Figure 5.8 actual ET per catena element for basalt 2
nd




 order hillslope (Figure 5.9) showed some variation between the interfluves and the 





 order, the midslope and crest were combined. The riparian zone had a much smaller area 
compared to the interfluves (mid-crest combined). This therefore, implied the presence of more 





Figure 5.9 actual ETSEB per catena element for basalt 3
rd
 order hillslope  
 
A comparison of water use on the hillslopes at the basalt site showed that actual ETSEB was lower 
at the low order hillslopes. This implied more storage potential since there were deeper soils 
compared to higher orders. A comparison of water use between the two geologies showed that 
high actual ETSEB was recorded at the southern granite supersite showing a high cumulative 
value of 809 mm at the 1
st
 order riparian zone whilst the highest recorded at the basalt site was 
609 mm resulting in a difference of 200 mm between the two sites. The granite site was 
characterized by more woody vegetation on its catena elements compared to the basalts.  
 
5.4 Modelled Hydrological Fluxes using Hydrus 1D 
 
The objective of the modelling was to estimate the hydrological fluxes and catena element water 
budgets and upscale this to a hillslope scale. Time series water balances for the catena elements 
are presented in Appendix B (Figures 9.5 to 9.8). From the model output, the cumulative fluxes 
from the domain boundaries allowed insight into components of the water budget for each of the 









 order hillslope showed a positive change in storage of 48 mm at the crest whilst the 
midslope and the riparian zone lost water. Based on soil depth, the crest was anticipated to have 
the least storage compared to the downslope elements since it had shallow soils. As shown on the 
Table (5.1), the midslope and riparian zones had negative storage because of water loss through 
actual ETH (470 mm) and (546 mm), respectively compared to the crest (294 mm). However, the 
crest had the greatest free drainage (Figure 5.11) compared to the other downslope elements. At 
the hillslope scale, it has been shown that more water was being lost through actual ETH than 
free drainage. This was therefore, evidence of how savannah vegetation is able to extract large 
amounts of water while the soil is wet. This was illustrated by watermark responses (Figure 4.5) 
through the quick drying cycles soon after rainfall events especially in the shallow and 
intermediate soils. 
 
Table 5.1 Catena element water budgets for 1
st
 order granite hillslope 
 SGR1 Crest SGR1 Mid SGR1 Rip 
Unit mm mm mm 
P 637.6 637.6 637.6 
ETH 294.9 470.17 546.73 
R 0 0 0 
FD 294.66 178.36 108.23 





Figure 5.10 Simulated cumulative evaporation and transpiration fluxes on SGR1   
  hillslope catena elements 
 
The simulation results show evaporation and transpiration fluxes from the vadose zone into the 
atmosphere at the 3 catena elements of the 1
st
 order hillslope (Figure 5.10). In Table (5.1) above, 
ETH was highest at the riparian zone followed by the midslope whilst the crest had the least. The 
same results were shown (Figure 5.10) but partitioned into evaporation and transpiration 
components at each catena. At the riparian zone a large proportion of the ETH loss was from 
evaporation from the soil surface than through transpiration. This was not anticipated since the 
riparian zone was characterized by more woody cover and herbaceous vegetation. An element of 
uncertainty could have been brought into the model through the estimation of rooting depths 
(Table 9.2) and densities. The crest and midslope elements were losing water through 
transpiration than evaporation. 
 
Free drainage increased moving upslope on this hillslope (Figure 5.11). The crest had the 
greatest amount of free drainage (Table 5.1). This was not anticipated. The crest comprised a 
Cartref soil form (Table 4.1), hence the presence of an E horizon, according to van Tol (2008), it 
indicates a perched water table and also implies that flow is restricted in some areas of the 
lithocutanic B resulting in more lateral flow and less free drainage. The crest responded to about 
5 of the rainfall events whilst the midslope only responded to 3 events and the riparian zone 
94 
 
responded to only two. This suggests more fine textured soils downslope as illustrated by the 
texture data (Figure 4.2a). These data showed that the majority of these soils were only 
responding to high intensity events (October and January). This means if there are seasons 
characterized by low to medium intensity events, there will be less free drainage (potential 
recharge) especially in the lower elements of this hillslope. In a study by Peterson (2011), direct 
groundwater recharge was shown to be more dominant on the crest zones of the catena. This 
would explain why the crest responded more frequent than the downslope catena elements. 
 
 
Figure 5.11 Simulated cumulative free drainage fluxes on SGR1 hillslope catena   
  elements 
 
5.4.2 Simulated results for 2
nd
 order granite hillslope 
 
The crest on the 2
nd
 order hillslope had the greatest change in storage (45 mm) followed by the 
midslope (10 mm) whilst the riparian zone was losing water (Table 5.2). Similar to the 1
st
 order 
crest, less storage was anticipated at the crest due to the shallow soils because of shallow rock 
shown through ERT results. The greatest ETH was experienced at the midslope (507 mm). The 





Table 5.2 Catena element water budgets for 2
nd
 order granite hillslope 
 SGR2 Crest SGR2 Mid SGR2 Rip 
Unit mm mm mm 
P 637.7 637.6 637.6 
ETH 420.04 507.39 354.43 
R 0 0.012 22 
FD 172.69 120.05 272.4 
ΔS 45 10 -11 
 
 




 order riparian zone was the only catena element experiencing surface runoff on this 
hillslope (Figure 5.12). This catena element had a Cartref soil form, therefore, interflow was 
anticipated due to a flow restriction in some parts of the B horizon so this runoff could have been 
as a result of infiltration excess flow. Taking a closer look at the runoff responses on this catena 
element shows that it was responding to almost all rainfall events not just high intensity ones and 
this implied a responsive soil. Soils at this catena element were classified as interflow soils with 
a possibility of overland flow under high intensity events but these data are proving otherwise. 
This, therefore, means there was a possibility of overland flow but not necessarily in response to 
high intensity events. 
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Water use was greatest on the midslope at this 2
nd
 order hillslope (Table 5.2) which was least 
expected since losses were mainly through evaporation from the soil surface than through 
transpiration especially at the midslope (Figure 5.13). Meanwhile, the crest and riparian zones 
were losing most water through transpiration.  
 
 
Figure 5.13 Simulated cumulative evaporation and transpiration fluxes on SGR2   
  hillslope catena elements 
 
The riparian zone at the 2
nd
 order hillslope was experiencing the greatest free drainage of water 
(Figure 5.14). Free drainage was greatest at the riparian zone (Cartref soil form) which was also 
the case at the 1
st
 order crest. This could therefore, be a phenomenon associated with the Cartref 
soil form despite the water flow restriction in some parts of the B horizon. In terms of free 
drainage responses to rainfall events, the crest and midslope only responded to high intensity 
events (i.e. some of the October 2012 and January 2013 events). Meanwhile, the riparian zone 
responded to most of the events but only during those two months. Similar to the 1
st
 order, under 




Figure 5.14 Simulated cumulative free drainage fluxes on SGR2 hillslope catena   
  elements 
 
5.4.3 Simulated results for 3
rd




 order hillslope showed greatest storage change (Table 5.3) on the riparian catena element 
(54 mm), followed by the crest (48 mm). The midslope has negative storage losing water through 





 order hillslopes; large proportions of water were lost through ETH but in terms of storage, this 
hillslope had the greatest storage (combined) compared to the lower order hillslopes. Factors, 
such as area covered, soil hydraulic properties and vegetation density could have been 
responsible for this storage. (NB: the midslope had a different amount of precipitation compared 











Table 5.3 Catena element water budgets for 3
rd
 order granite hillslope 
 SGR3 Crest SGR3 Mid SGR3 Rip 
Unit mm mm mm 
P 637.6 640.8 637.6 
ETH 457.46 496.12 382.24 
R 3 0 0 
FD 129.38 152.39 201.84 
ΔS 48 -8 54 
 
 
Figure 5.15 Simulated cumulative evaporation and transpiration fluxes on SGR3   
  hillslope catena elements 
 
Similar to the 2
nd
 order hillslope, ETH was greatest at the midslope of this 3
rd
 order hillslope and 
it is likely that more water was lost through soil evaporation (Figure 5.15). Meanwhile, the crest 
and the riparian zone lost more through transpiration than evaporation which was also the case 
on the 2
nd
 order hillslope due to the increased density of woody cover and herbaceous plants on 
these elements. 
 
Free drainage was highest at the riparian zone in comparison with the other elements (Figure 
5.16). This augments the hydropedological classification of this catena element as a potential 
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recharge soil (Table 4.3). The midslope and riparian zones only responded twice to two high 
intensity rainfall events (in October and January). The crest only responded to the event in 
January. These data shown for the crest augments the low Ksat values (Figure 4.4d) on the c 
horizon. This means therefore, flow was restricted in this horizon implying less water would 
drainage from this catena element but would either flow laterally at the A/B interface with some 




 order hillslope, less free drainage was anticipated 
when there were low to medium intensity events (<10 mm/hr). 
 
 
Figure 5.16 Simulated cumulative free drainage fluxes on SGR3 hillslope catena   
  elements 
 
5.4.4 Simulated results for basalt 3
rd




 order riparian catena element showed the greatest ETH, (386 mm) and runoff (82 
mm) but had the least free drainage and overall water balance compared to the other elements 
(Table 5.4). Meanwhile, the midslope had the greatest change in water storage (102 mm). The 
riparian zone showed a net loss in storage and this was attributed to ETH (386 mm). One 
important observation here was the runoff output by the model. Due to the low gradient 
topography on this site, the possibility of runoff generation was minimal. This was therefore, 
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considered as ponded water judging from field observations especially after high intensity 






Table 5.4 Catena element water budgets for 3
rd
 order basalt hillslope 
 SBAS3 Crest  SBAS3 Mid SBAS3 Rip 
Unit mm mm mm 
P 701 701 701 
ETH 106.6 103.85 386.3 
R 36 43.62 82 
FD 532 450.6 236.83 
ΔS 26 102.94 -4 
 
 
Figure 5.17 Cumulative infiltration on SBAS3 hillslope catena elements  
 
The riparian cumulative infiltration for the 3
rd
 order basalt hillslope (Figure 5.17was largest and 
this augmented the conductivity data (Figure 4.18) which showed high Kunsat on the riparian zone 
compared to the other catena elements. Before the high intensity January events, the crest 
showed less infiltration whilst the midslope and riparian zones showed more infiltration possibly 
due to surface contributions from upper slopes (Table 5.4). 
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Water use on the 3
rd
 order hillslope (Figure 5.18) showed that more water was being taken up 
through transpiration than evaporation at the riparian zone, although there was not much 
difference from water loss through evaporation and transpiration at this catena element. As 
discussed earlier, responses for the crest and midslope were almost similar and both having more 




Figure 5.18 Simulated cumulative evaporation and transpiration fluxes on SBAS3   
  catena elements 
 
Free drainage on this 3
rd
 order basalt hisllope does not show much variation on the crest and 
midslope (Figure 5.19). The riparian zone had the least free drainage and it showed a response to 
about 5 rainfall events whilst the crest and midslope responded to most of the events. Due to high 
Kunsat at this element free drainage was anticipated to be high compared to the crest and 
midslope. This means that large amounts of water are being lost through ETH therefore, less 




Figure 5.19 Simulated cumulative free drainage fluxes on SBAS3 hillslope catena   
  elements 
 
5.5 Model Validation 
 
Model performance was validated by comparing output from the simulated data with observed 
watermark data. Observation nodes on the domain were set at the same depths where soil 
moisture sensors were installed in profiles in the field (Appendix A: Table 9.1).  
 
5.5.1 Observed vs Simulated Matric potential  
 
Figures 5.20 to 5.23 show comparisons between observed watermark data and simulated output. 
This was a qualitative interpretation of model performance. Observation nodes were set at the 
same depths as the installed soil moisture sensors (Figure 9.4). Observed data measured by 
watermarks can be used for a general trend in responses but they are not very accurate for 




There was not much variation in observed and simulated data on the 1
st
 order hillslope (Figure 
5.20). The crest showed a mismatch on three events in November, December and February 
where some degree of saturation was shown on the simulated responses (<100 mm). In general 




 order hillslope also did not show much difference between the observed and simulated 
responses especially at the midslope (Figure 5.21). The crest showed a slight mismatch on the 
deep and intermediate channels. The riparian zone showed the same trend only that the observed 
data was filtered to get rid of the extreme values but here it showed the profile was actually 




 order responses showed a relative agreement between observed and simulated data (Figure 
5.22). The crest shallow soils got saturated in response to most events in the simulated results. 
The original data was filtered to get rid of extreme values. Meanwhile, the midslope showed a 
similar trend in responses for both the observed and simulated results. Riparian zone results 
showed more or less the same responses, although the simulated results had lower matric 
potentials than the observed. The differences could be attributed to the fact that watermarks do 
not work well with extreme conditions both on the wet and dry ends. 
 
Basalt responses (Figure 5.23) showed a more or less similar trend but a magnitude lower in 
matric potentials. This could be attributed to the fact that saturated hydraulic conductivity was 




Figure 5.20 Observed and simulated responses for 1
st




Figure 5.21 Observed and simulated responses for 2
nd




Figure 5.22 Observed and simulated responses for 3
rd




Figure 5.23 Observed and simulated responses for3rd order basalt hillslope 
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5.5.2 Model sensitivity analysis 
 
In order to assess how sensitive HYDRUS 1D was to input parameters; a sensitivity analysis was 
performed for one of the catena elements (Refer to section 3.15 for more details on calculations). 
The results from the analysis are presented in Table (5.5). 
 
Table 5.5 Sensitivity analysis using 2
nd





+50%ET -50%ET +50Rain -50Rain Soil low K Soil high K 
Unit mm mm mm mm mm mm mm 
P 638 638 638 956 319 638 638 
ETH 507 546 347 595 326 517 505 
R 0 0 0 0 0 0 0 
FD 120 93 230 320 0 105 124 
ΔS 10 -2 60 42 -7 16 9 
Percent change from original 
Unit   % % % % % % 
P   0 0 50 -50 0 0 
ETH 
  
8 -32 17 -36 2 0 
R 0 0 0 0 0 0 
FD -23 92 167 0 -13 3 
ΔS -120 500 320 -170 60 -10 
Total 143 592 504 206 75 13 
max-min 449 298 62 
P – Precipitation, ETH – evapotranspiration simulated using Hydrus, R – runoff, FD – free 
drainage and ΔS – the change in storage 
 
The results illustrated in Table (5.5) above show that HYDRUS 1D was most sensitive to an 
increase or decrease in actual ET. A 50 % increase in the amount of actual ET has shown a 
negative water balance (-2 mm) and a 50 % decrease in actual ET giving a water balance of 60 
mm. A calculation of the differences between the maximum and minimum percentage changes 
from original was 449 mm for actual ET (Table 5.5) which was the highest value of all three 
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parameters. This shows how sensitive the model was to the parameter (actual ET), hence 
accurate characterization, modelling or measure of actual ET is therefore, of fundamental 
importance for credible output results.  
 
Moderate sensitivity was shown from a 50 % increase and decrease in rainfall giving water 
balances of 42 mm and -7 mm, respectively. Calculated difference between percent changes of 
variables from original was 90 which was also an intermediate value for the three parameters 
under analysis. The model also showed that an increase or decrease in rainfall yielded an 
increase and decrease in the amount of actual ETH and free drainage, respectively, which showed 
its sensitivity to rainfall. The accurate recording and measurement of rainfall in the study sites 
for use on this model therefore, becomes important. 
 
Although not anticipated, soil hydraulic properties were shown to be the parameter that the 
model was least sensitive to. Soil properties are known to be the first order controls of 
hydrological responses therefore, the anticipation was for the model to be highly sensitive to 
changes in soil hydraulic properties but results turned out otherwise. Nevertheless, the model did 
show some sensitivity to soil hydraulic properties therefore, precision is still called for in the 
determination of these since changes were detected in all components of the water balance by a 
change of the Ksat values. 
 
The model was parameterized by point measurements to give spatial data, an element of 
uncertainty was therefore, introduced. This therefore, indicates the need for more replicates for a 
representative average for the area under observation. In conclusion, HYDRUS 1D was shown to 
have different levels of sensitivity to different input parameters. In this study uncertainty was 
therefore, introduced where actual ETSEB used to drive the model was modelled using SEBAL 
and by so doing this means that output from another model was used to inform another model, 
hence there is some uncertainty involved in the model output. The uncertainty in SEBAL is in 
the selection of end members for canopy cover which has a significant effect on estimation of the 
net heat flux which in turn affect the amount of actual ET (Timmermans et al., 2006). According 
to Hughees (2008) knowing the uncertainties of a model helps in deciding whether or not it 
would be viable to integrate the output data depending on how credible the results are.  
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5.6 Updated Conceptual Models from Observed and Simulated Data 
 
Conceptual models were updated using both the observed data (Ksat, Kunsat and hydropedological 
surveys) and simulated data. Results presented below show the initial concepts (desktop) and the 
updated concepts embraced after observations, measurements and the modelling. 
The 1
st
 order hillslope was dominated by interflow soils (Figure 5.24). Results from the model 
showed more water leaving the domain through free drainage (potential recharge) and less was 
shown for lateral flow. The simulated results showed that free drainage was experienced after the 
two high intensity events in October, hence the high percentage. Therefore, under low to medium 
intensity events, the dominant flowpath will be subsurface lateral flow with a possibility of 




 order hillslopes, the 1
st
 order 
hillslope shows connectivity with the adjacent 1
st
 order stream through lateral flow. 
 
 
Figure 5.24 Initial and updated conceptual model for 1
st






 order hillslope (Figure 5.25) was dominated by interflow (lateral). Similar to the 1
st
 
order, free drainage showed high percentages as well after the high intensity rainfall events 
(October and January), therefore, under low to medium intensity rainfall events (<10 mm/hr), the 
hydropedological interpretations were still embraced for this hillslope. The midslope was 
characterized as responsive but since it did not generate overland flow even after high intensity 
events, this implied subsurface flow. Since there were duplex soils on this catena element, flow 
would be restricted in the B horizon resulting in interflow at the A/B interface. High potential 
recharge on the riparian zone supported the hydrological disconnection between this hillsope and 
the adjacent stream network for the greater part of the season. 
 
 
Figure 5.25 Initial and updated conceptual model for 2
nd




 order hillslope was initially anticipated to have recharge soils on the crest and interflow 
(lateral) on the midslope and riparian zone soils (Figure 5.26) overleaf. Through 
hydropedological surveys and conductivity data, the crest comprises interflow soils; the midslope 
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order, hydropedological interpretations supported by the Ksat data were still embraced. Although 
free drainage (potential recharge) was showing high percentages this was only in response to the 
high intensity events (October 2012 and January 2013) events. The hydropedological 
classification mentioned above was therefore, embraced. 
 
 
Figure 5.26 Initial and updated conceptual model for 3
rd
 order granite hillslope 
 
A comparison of the 3 hillslopes showed that a lot of water was being lost through ETH with the 
3
rd
 order hillslope losing the greatest amount. This showed the extent to which savanna 
vegetation uses available water and the high evaporative demand. The modelled responses 
showed that there was free drainage only after high intensity events (October and January). This 
showed that a threshold rainfall amount and/or intesity is required for certain responses, such as 
free drainage and connectivity between hillslope and stream components. Interflow was the 
dominant flowpath on the granite hillslopes whilst in the basalts it was vertical subsurface flow 
(potential recharge).  
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The basalt hillslope was initially conceptualized to have potential recharge soils, through 
hydropedological surveys; this concept was embraced (Figure 5.27). Meanwhile, outputs from 
the model showed that they could be responsive as well. Overland flow was only anticipated 
after high intensity events but results showed otherwise. Based on field observations, surface 
ponding was observed on the hillslopes after the January high intensity events. The possibility of 
runoff generation was minimal therefore the initial concept of vertical subsurface flow with some 
surface ponding is still embraced. 
 
 
Figure 5.27 Initial and updated conceptual model for 3
rd
 order basalt hillslope 
 
In conclusion, part of the aim of this study was to quantify the differences in hydrological 
responses at different scales and different parent materials. Using the modelling exercises, fluxes 
were calculated to help improve the understanding of processes on the two sites. Actual ETH was 
shown to be high in the granites compared to the basalt site. Meanwhile, on the granite 
hillslopes, the 3
rd




 order hillslopes. 
Free drainage (potential recharge) showed the highest percent flux than other fluxes on the 
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hillslopes at both sites. The observation made from this was that this was only due to two high 
intensity events (October and January). On the granite site the hydropedology classes and 
dominant flow paths were embraced since free drainage could not be made the dominant 
flowpath just from big responses to two events. Lateral flow could not be quantified properly 





The review of literature showed that, although hillslope hydrology has been well studied and 
documented in the past it still remains challenging. According to Ridolfi et al. (2003), this is 
because processes interact and operate differently at various scales due to heterogeneity within 
the vadose zone and the surface biotic components, hence the need to do more research in order 
to gain insights into this heterogeneity. 
 
Results of this study have shown how rainfall in savanna areas is highly variable. A comparison 
of rainfall received and intensities for the two sites showed much variability. The granite site 
showed many dry spells during the wet season compared to the basalt site. Knowledge of these 
in between dry periods is crucial especially in savannas were erratic rainfalls are experienced 
(Falkenmark and Rockstrom, 2004). This is important for water resources managers because dry 
spells can be managed compared to other phenomena, such as meteorological droughts therefore, 
this helps in strategic planning for ecosystem sustainability. The review of literature shows that 
the study of flow paths and flow mechanisms on hillslopes is crucial for an understanding of 
water storage during wet seasons and its subsequent release during dry periods (discussed above) 
for ecosystem sustainability, predominantly in the small catchments and water-limited 
environments (Lin et al., 2006). Overland flow, subsurface saturated or unsaturated flow and 
bedrock flow were then shown to be the major flow paths on a hillslope determined by soil 
physical properties and parent material (Ticehurst et al., 2007; van Tol et al., 2013). This led to 
the hypothesis that vertical subsurface flow will dominate on the granite crest catena elements 
because they are characterized by sandy soils (high hydraulic conductivity) since most clay 
particles would be washed downslope by colluvial processes. Results have shown this hypothesis 
to be invalid and all the granite crests comprises lateral flows having an increase in amounts of 
free drainage only after high intensity rainfall events (October 2012 and January 2013 events). 
There were loamy sands on the crests as shown by the texture data but due to some impeding 
layers underneath shown by saturated hydraulic conductivity results and soil classification, 




Topography has been shown to have an impact on responses at the hillslope scale (Tromp-van 
Meerveld and McDonnell, 2006). It was therefore, hypothesized that there will be lateral 
contributions to downslope catena elements due to the slope in the granites which will ultimately 
result in hydrological connectivity between elements. This hypothesis was valid for some catena 
elements of the hillslope but not all of them. The 1
st





 order showed temporal connectivity on midslope and riparian elements after high 
intensity rainfall events. This suggested that connectivity was therefore, temporal on this site and 
was mainly driven by rainfall intensity.  
 
Hillslopes on the granite supersite were longer in the higher orders which therefore, meant that 
the travel time for water reserves would be higher in the 3
rd





order hillslopes. This was another reason why connectivity was shown in the 1
st
 order hillslope 
and became intensity-driven at higher order hillslopes. Processes such as overland flow and 
subsurface flow are affected by travel time. This therefore, means that on a longer hillslope, such 
as the 3
rd
 order, some of the overland flow or subsurface flow might be lost to evaporation before 
reaching the downslope elements or deeper soil layers. Meanwhile, overland flow on a low order 
hillslope will take less time to connect with downslope elements because of a short travel time. 





order, hence showing the influence of scale on processes. 
 
Due to low topography in the basalts, it was hypothesized that the hillslopes will be characterized 
by vertical subsurface flow and no lateral contributions from interfluves to downslope elements 
(disconnected elements). This hypothesis was shown to be valid and that most of the water was 
lost through evapotranspiration especially in the riparian zones likely due to greater woody 
vegetation cover there. Results from the model however, suggest connectivity between elements 
through overland flow on the third order hillslope. Overland flow was only anticipated on this 
site as a consequence of high intensity events but simulated results show otherwise. The initial 
concept of vertical subsurface flow with the absence of overland flow on these hillslopes is still 




Soils and hydrology were reported to have an interactive relationship where soils properties 
control hydrological responses whilst their morphology can be used as indicators of hydrological 
regimes (le Roux et al., 2011; van Tol et al., 2013). Unsaturated hydraulic conductivity was 
hypothesized to be high on the on the granites due to sandy soils characteristic of granite-derived 
soils compared to basalt soils that have a high clay content. This was shown to be true to a 
certain extent. Unsaturated hydraulic conductivity was high on the majority of the catena 




 order granite midslopes had 
low unsaturated hydraulic conductivity due to accumulation of clay soils washed from the crest 
through colluvial processes.  
 




 order granite midslopes to have more water loss 
through evaporation than transpiration as was the case for all other catena elements. This was 
attributed to the absence of a dense woody cover and herbaceous vegetation but nevertheless 
showing evidence of a high evaporative demand on the elements. Savanna vegetation was also 
shown to have an ability to extract large amounts of water once soil water is available. 
According to, Falkenmark and Rockstrom (2004), for those who rely on savannas for food 
production, transpiration cannot be easily influenced since an increase in the production of food 
will ultimately lead to increased plant water use. Nevertheless, evaporation can be controlled 
through land use management since a high demand has been shown for such ecosystems. 
 
Water movement in the soil is driven by gradients in soil water potential (Buckingham, 1907). 
Finer soils are more capable of holding water therefore soil water potential was hypothesized to 
be lower in the basalts because clay soils have higher water retention capacity, hence less soil 
water potential compared to sandy soils. This was shown to be valid by the laboratory results 
were granite soils had high water potential, thereby water was able to move with ease in and out 
of the system compared to the basalt-derived soils. 
 
Through literature review, hydrological processes were shown to vary with lithological 
differences (Lin et al., 2006). This study also proved how the underlying parent material 
influences process, such as flow mechanisms, but to a lesser extent, since topography, rainfall 
intensity and soil hydraulic properties were shown to be the main contributors. In terms of soil 
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depth, the basalt hillslopes have shallow soils at high order hillslopes and vice versa whilst the 
granites have shallow soils upslope and vice versa. Areas with deep soils, such as the 1
st
 order 
riparian zone were anticipated to have more storage (potential storage) than their counterparts 
with shallow soils, such as the crest but simulation results proved otherwise. The riparian catena 
element had negative actual storage whilst the crest had the greatest. Soil depth was however, 
shown to have less notable effects on actual storage due to ET. A study in the North of Kruger 
showed that soil hydraulic properties limit or increase the amount of water available for 
transpiration not necessarily soil depth (Riddell et al., 2013). This therefore, means more water 
retention in the basalts and less transpiration compared to the granites (Lorentz et al., 2006).  
 
High rainfall intensity resulted in different responses on both sites in this study. Connectivity 
between catena elements, response of deeper soil layers especially in the basalts and generation 
of free drainage (both sites) was shown to be driven by rainfall intensity. This suggested 
temporal connectivity. For the greater part of the season, this study showed a disconnection 
between hillslopes and their adjacent stream networks. In the granites, connectivity was shown in 
the 1
st
 order but moving up the orders, it becomes highly spatial and temporal implying scale 
influence on processes. According to, McGuire and McDonnell (2010), hydrological 
connectivity can be dynamic where it might occur episodically and seasonally. 
 
Scale is also shown to have an influence by results from hillslope hydrological soil types which 
show interflow soils only at the 1
st
 order suggesting uniformity in distribution. Meanwhile, 
moving up the stream orders variability is shown with some elements on a hillslope (such as the 
2
nd
 order riparian zone) showing responsive soils with a possibility of interflow (soil profile 
heterogeneity). This shows landscape complexity with an increment in stream orders. In a study 
by Khomo and Rogers (2009) on the Phugwane river network in KNP, geomorphology was 
shown to become more complex with an increase in stream order and geomorphology will 
influence hydrological responses. This is evidence of scale influence on these hillslope 
processes. 
 
Differences in hydrological responses were shown at different scales and parent materials 
through characterization and quantification exercises which was the overarching aim of the 
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research. For an ecosystem to be effectively managed, hydrological processes need to be well 
understood. Semi-arid savanna ecosystems are highly sensitive to change therefore, given the 
ever-increasing population growth it therefore, becomes imperative not to ignore how the system 







7.1 General Conclusions 
 
Although the study of hillslope hydrology is challenging due to a number of different processes 
operating and interacting in the vadose zone, it nevertheless provides a building block that 
exhibits some form of organization useful in classification and conceptualization of processes 
(Weiler and McDonnell, 2004; van Tol et al., 2013). Conclusions drawn from this study are 
discussed below. 
 
Rainfall intensity has an impact on hydrological responses such as connectivity and runoff 
generation. Since savannas are known to have erratic and variable rainfall characterized by high 
intensity events, this implies temporal hydrological connectivity and runoff on these sites. 
 
Although topography and soil properties are influenced by parent material, they were shown to 
have an influence on hydrological responses than parent material. However, scale (incremental 
stream orders) was shown to have an influence on the hillslope hydrological responses, such as 
flow mechanisms and connectivity. Processes tend to be highly spatial and temporal on the 
higher orders compared to the 1
st 
order. Hillslope storage was controlled by ET demand rather 
than soil depth, in savanna ecosystems. This was interesting since storage was assumed to be 
more significant on catena elements with deep soils. 
 
Knowledge of these flow mechanisms and storage is fundamental in savannas since many people 
rely on them for biodiversity, ecosystem goods and services. This is especially important for 
water resources managers since water is the major driver of ecosystem functions. Knowledge of 
how the system works would then be used for water resource allocation, land use management 









The first recommendation is the use of a user friendly 2D/3D hydrological model to simulate 
flow which would help in understanding storage but most importantly lateral fluxes which would 
help explain connectivity and give estimates of contributions through lateral flow. 1D offers a 
simple way to understand the functioning of a system especially the vertical fluxes. A 2D/3D 
model would also be useful since output results can be used to test the hydropedological classes 
(van Tol et al., 2013) since the classification is still in its infancy and this would also help in 
making improving the classification (if necessary), provided suggestions are welcome. 
 
Understanding hillslope connectivity is important since it provides insights into flow paths and 
residence times therefore the use of tracers, such as stable isotopes in hillslope subsurface water 
would validate the present hypothesis on connectivity as provided in this study. 
 
Soil hydraulic properties were shown to have much variability even within a very small area, 
thereby resulting in some uncertainty in the results. In future studies, more replicates are 
therefore, recommended to enable the calculation of averages for better representation and 
reliability of results. 
 
The use of runoff plots would have been ideal in this study but could not be installed because of 
the presence of wild animals. This would have helped in the comparison of simulated results 
against observed data especially on the catena elements where model output show runoff, such as 
the granite 2
nd
 order riparian and 3
rd
 order crest zone. 
 
To increase the knowledge base, it would be interesting for a similar study to be carried out in 
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9.1 Appendix A: Results from Geophysical Surveys (ERT) on Basalt Supersite 
 
Due to time and logistic constraints, geophysical surveys could not be done on the southern basalt 
supersite during the 2012-2013 period therefore, just for comparison sake between the two 




 order hillslope (Figure 9.1), has a shallow vadose zone, hence shallow soils but comparing it 
with the other hillslopes on this supersite, it has the deepest soils.  
 
 
Figure 9.1 Electrical resistivity for basalt 1
st






 order hillslope (Figure 9.2) appears to have a relatively flat topography with very shallow 
soils especially at the midslope and parts of the crest (400-560). On this hillslope, it shows that the 
138 
 




Figure 9.2 Electrical resistivity for basalt 2
nd






 order hillslope pseudosection (Figure 9.3) indicates a low gradient topography with a very 
shallow vadose zone, thereby implying very shallow soils (Mispah soil forms). It shows very high 




Figure 9.3 Electrical resistivity for basalt 3
rd
 order hillslope 
 
Soil surveys have shown that there is potential vertical subsurface flow (recharge) but due to the 
low gradient topography on these hillslopes, when this water reaches the underlying rock, it cannot 






9.2 Depth of installed soil moisture sensors, taxonomical classification and diagnostic 
 horizons 
 
Table 9.1 Catena elements taxonomy classes, diagnostic horizons and depths of installed  
  sensors and thickness of horizons 
 
Profile Number Horizon Diagnostic horizon Soil Form Depth(mm) Depth of Sensor (mm)
SGR 1_Crest A Orthic Catref 0-250 125
B E 250-500 350
Lithocutanic 500+ 500
SGR1_Midslope A Melanic Bonheim 0-200 125
B Pedocutanic 200-550 300
unspecified 550+ 450
SGR1_Riparian A Melanic Bonheim 0-200 100
B Pedocutanic 200-600 280
unspecified 600+ 1000
SGR2_Crest A Orthic Pinedene 0-200 100
B yellow brown apedal 200-400 250
(unspecified with signs of wetness) 400+
SGR2_Midslope A Orthic Sterkspruit 0-200 100
B Prismacutanic 200-400 250
400
SGR2_Riparian A Orthic Catref 0-50 100
B E 50-200 250
Lithocutanic 200+
SGR3_Crest A Orthic Pinedene 0-250 100
B Yellow brown apedal 250-500 250
C (unspecified with signs of wetness) 500+ 350
SGR3_Midslope 1A Orthic Sterkspruit 0-100 100
B Prismacutanic 100-400 300
800
SGR3_Midslope 2A Orthic Sterkspruit 0-100 100
B Prismacutanic 100-400 300
400
SGR3_Riparian A melanic Bonheim 0-300 100





Figure 9.4 Domain set-up with location of observation nodes for 1
st





Figure 9.5 Time series water balances for granite 1
st
 order Hillslope 
 
Figure 9.6 Time series water balances for granite 2
nd





Figure 9.7 Time series water balances for granite 3
rd
 order hillslope 
 
 
Figure 9.8 Time series water balances for basalt 3
rd









9.3 Ksat Replicates on Granite Supersite Measured Using the Mobile Permeameter 
 
 
Figure 9.9 Saturated hydraulic conductivity per horizon on granite 1
st
 order hillslope 
 
 
Figure 9.10 Saturated hydraulic conductivity per horizon on granite 2
nd





Figure 9.11 Saturated hydraulic conductivity per horizon on granite 3
rd









9.13 Cumulative Rainfall for the granite and basalt supersite 
 
Table 9.2 Rooting depths used for flow simulation in HYDRUS 
 SGR1 SGR2 SGR3 SBAS3 
Crest 500mm 600mm 630mm 300mm 
Midslope 600mm 600mm 300mm 300mm 












10-Oct-12 10-Nov-12 10-Dec-12 10-Jan-13 10-Feb-13 10-Mar-13 10-Apr-13
C
u
m
u
la
ti
ve
 r
ai
n
fa
ll 
(m
m
) 
Date 
Southern basalt rainfall
Southern granite rainfall
